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ABSTRACT 
 
 Functionalizing polymer end groups, telechelic polymers, can be synthesized through 
multiple methods including chain transfer polymerization. Chain transfer polymerization 
involves a catalyst that is capable of polymerizing a monomer, reacting with a chain transfer 
agent to cleave the polymer chain from the catalyst, and reinitiate the growth of a new polymer 
chain.  However, the current catalysts and chain transfer agents used for the chain transfer 
polymerization of polyethylene are oxophillic, which severely limit the types of functional 
groups that can be introduced by the chain transfer agent, or require post polymerization 
reactions to achieve the desired functional group. This work aims to develop a chain transfer 
polymerization system capable of installing a wider range of functional groups into polyethylene 
by using a late transition metal catalyst as these are more stable towards the heteroatoms present 
in a functional chain transfer agent. 
 The catalysts investigated in this work are a palladium phenanthroline catalyst for the 
production of polyketone from styrene and carbon monoxide, a palladium diimine catalyst for 
the production of hyperbranched polyethylene and a cobalt cyclopentadienyl catalyst for the 
production of high density polyethylene. These systems were chosen because of their ability to 
perform living polymerization as well as hydrosilylation. Hydrosilylation involves the cleavage 
of a metal carbon bond by a silane and subsequent insertion of olefin into the resulting metal-
silicon bond, both key steps in a chain transfer polymerization system. The palladium 
phenanthroline catalyst is shown to be capable of forming silane end modified polyketone using 
HSi(ipr)3, however, the system is sensitive to water and requires 2,6-ditertbutylpyridine to inhibit 
formation of polystyrene. The key palladium-silyl intermediate is also highly unstable towards 
the comonomer carbon monoxide, causing major catalyst decomposition. The palladium diimine 
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catalyst is shown to be capable of forming silane end modified hyperbranched polyethylene. 
Additionally the system can copolymerize methyl acrylate, while still retaining the desired 
silicon end groups. The cobalt cyclopentadienyl catalyst is shown to be able to form silane end 
modified high density polyethylene. The kinetics of the individual steps in this system were 
investigated, additionally a dye modified silane was successfully incorporated as an end group, 
demonstrating the stability of the chain transfer polymerization system towards heteroatoms. 
 A second class of catalytic polymerization investigated is Ring Opening Metathesis 
Polymerization (ROMP) which is a widely used technique for the synthesis of polymers with 
controlled topology and composition. For ROMP catalyzed by the 3
rd
 generation Grubb’s 
catalyst, an unusual zero order kinetic behavior in catalyst was observed, while it is first order in 
catalyst in the presence of additional pyridine. This unique kinetic behavior is rationalized by the 
catalyst having two coordinated pyridines in the solid state, while having only one coordinated 
pyridine in solution. Further investigations into the 3
rd
 generation Grubb’s catalyst were 
performed by measuring the 
12
C/
13
C and 
1
H/
2
H kinetic isotope effect for the polymerization of a 
norbornene type monomer, which shows that the rate determining step is formation of the 
metallacyclobutane ring. Additionally, the effect of the side groups present on the monomer were 
investigated. Monomers containing esters can coordinate to the catalyst through the ester once 
polymerized, which slows down the rate of polymerization. This is shown for ester containing 
monomers that can form six membered rings, but not for eight membered rings. This polymer 
ester coordination is shown to be partly responsible for the rate differences between different 
stereochemistries (endo and exo) of the same monomer. 
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Chapter 1 Chain Transfer Polymerization and Ring Opening 
Metathesis Polymerization 
 
1-1 Introduction 
 Polymers are a ubiquitous material in our society, which is reflected by the over 300 
million tons that are produced every year.
1
 These materials are used in thousands of different 
applications made possible by the wide variety of the types of polymers and their unique 
physical properties. Achieving such a diverse set of properties requires a high level of control 
over the polymer including molecular weight, dispersity, branching, monomer composition, 
monomer sequence, tacticity and more, all of which are achieved on an industrial scale. For 
polymers that are produced by catalytic polymerization (e.g. HDPE and PP) this level of control 
has been achieved through careful tuning of the electronics of the metal center by modifying the 
ligand. While much has been achieved in this area, full control over polymer composition and 
topology, and thus its properties, has still not been accomplished.
2
 Because of this the literature 
has focused on expanding the control achievable in catalytic polymerization in multiple areas. 
One major area is the ability to introduce polar functionalities into polyolefins, as the industrial 
early transition metal catalysts are very oxophillic towards the heteroatoms present in polar 
functional groups.
3–5
 The area this thesis will be focusing on is controlling the end groups of 
polymers, as well as controlling the kinetics in the ring opening metathesis polymerization of 
norbornene. 
 
1-2 Polymer End Group Control 
 While the main chain of a polymer determines its bulk properties and thus potential 
applications, the end groups of the polymer can be used as a means to achieve unique topologies 
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and polymer compositions. Polymers who end-groups are functionalized are referred to as 
telechelic polymers and their primary use has been as a means to attach other polymers or 
functional groups that one normally wouldn’t be able to incorporate due to the lack of reactivity 
of the main polymer chain.
6–9
 This allows different types of polymers to be combined in the 
same chain to form block copolymers, even though their polymerization methods are not 
compatible. These block copolymers allow the introduction of different polymer properties into 
the chain and thus new function.
10–20
 Additionally it allows for the production of polymers with 
different architectures, such as star and miktoarm polymers.
21–24
 Due to their unique topology 
they have unique properties, one example being star polymers being used in synthetic oil to 
lower the viscosity.
25
 Specifically for polyolefins, being able to functionalize the end groups also 
allows the incorporation of non-polymer groups to increase the capabilities of the polymer 
beyond its main function as a physical structural material. Many such groups have been attached 
including pharmaceuticals, dyes and many more.
26,27
 
 While one can control the end groups of some polymers very easily, such as quenching 
the anionic polymerization of butadiene with functionalized epoxides, for polyolefins the current 
methods are more limited.
28
 For example the catalytic production of polyethylene and 
polypropylene, quenching of the reaction with I2 to introduce iodine works, but deactivates the 
catalyst making the process stoichiometric in catalyst.
29
 This is a problem with most of the 
industrial catalysts used for the production of polyolefins, they are too oxophillic to allow for the 
direct introduction of functional groups onto the polymer chain without deactivating the catalyst. 
To get around this, polyolefin end groups are functionalized after the polymerization is complete. 
As many polyolefins contain a double bond at the end due to chain transfer via beta hydride 
elimination or chain transfer to monomer, this double bond can be used to perform all of the 
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reactions necessary to introduce additional polymers or other functional groups (Scheme 
1.1).
13,30–33
 
Scheme 1.1 Selected post polymerization modification routes of polymer double bonds 
 
However, this method requires that the polymer is heated to above 100 °C in order to melt the 
plastic so that it can react. This is a problem as the high temperatures and the immiscible nature 
of the non-polar polymer makes it difficult to find a catalyst that is capable of performing the 
post-polymerization reaction without decomposing. It also limits the types of groups that can be 
introduced as the high temperatures would decompose certain molecules. 
 One way to introduce functional groups onto the ends of polymers without having to do 
subsequent reactions on the polymer itself, involves a chain transfer polymerization (CTP). 
While monomer insertion is the main step in a normal polymerization mechanism, the growing 
polymer chain is occasionally cleaved from the catalyst while a new polymer chain starts 
growing. This cleavage can be due to the result of beta hydride elimination, chain transfer to 
monomer or chain transfer due to the addition of a chain transfer agent (CTA) such as H2. When 
a chain transfer agent is added, the CTA is incorporated at the beginning and end of the polymer. 
If one uses a CTA that contains a functional group, this can be used as a means to introduce 
functional groups onto the ends of the polymer without the need for post polymerization 
modification methods. For this type of system it is beneficial to use a catalyst that is capable of 
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performing a living polymerization, which is a polymerization that does not undergo chain 
transfer in absence of a chain transfer agent and thus gives one polymer chain per catalyst.
22,34–40
 
When a living polymerization is combined with a functionalized CTA this ensures that only 
polymers with the functionalized end are produced. 
 
 
 
For the functionalization of end groups for polyolefins, there exist a number of chain 
transfer polymerizations using silanes, phosphines, boranes, amines, alkyl aluminums and 
various other CTA’s (Scheme 1.2).41–54 However, the oxophilicity of the catalysts and CTA’s 
limit the system in what types of groups can be incorporated and thus many of them still require 
post polymerization modification to reach any desirable end group.
7,41,42,55–57
 The ones that do 
directly introduce a functional group like N and P are limited in the types that are compatible, 
severely inhibit the polymerization, and have yet to be used to directly introduce a more complex 
group into the polymer.
49,51
  
  
Scheme 1.2 Chain transfer polymerization route to end modified polymers 
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1-3 Kinetics of Ring Opening Metathesis Polymerization 
Ring opening metathesis polymerization (ROMP) is a widely used technique for the 
polymerization of double bond containing cyclic monomers. In order to counteract the decrease 
in entropy of the polymerization, monomers with a high amount of ring strain, such as 
norbornene, are commonly used as the strain that is released upon polymerization drives the 
reaction forward. When catalyzed by a late transition metal based organometallic catalyst, the 
polymerization also tolerates a wide variety of polar solvents, heteroatoms and functional groups, 
which combined with the ability to attach side groups onto the norbornene monomer without 
significantly affecting its reactivity means that the ROMP polymerization method is capable of 
synthesizing a diverse range of unique polymers.
58–70
 
 
Catalysts 
 The first catalysts used to perform ROMP were ill defined heterogeneous systems 
consisting of an activator and a metal precursor including Ti, W, Ta, Ru, Mo and V, many of 
which did not tolerate heteroatoms and had difficulty controlling the molecular weight of the 
polymer.
40,71
 Then well-defined homogenous catalysts were developed such as 
titanacyclobutanes which were capable of performing ROMP in a living manner and were easier 
to study than their heterogeneous counterparts allowing a better understanding and control over 
the reaction.
40,71,72
  A major turning point in catalysts came about with the development of the 
homogenous ruthenium catalyst G1 (Chart 1.1).
73
 The superior heteroatom stability of ruthenium 
catalysts allowed a much more diverse range of polar groups to be tolerated in the monomers 
including oxygen and nitrogen containing groups.
74
 While the 1
st
 generation of Grubbs catalyst 
G1 was a big step forward the next generation G2 (Chart 1.1) improved upon stability and 
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reactivity by replacing one of the tricyclohexylphosphine ligands with a N-heterocycliccarbene 
ligand.
75
 However, as the rate of initiation of G2 via phosphine dissociation is significantly 
slower than the rate of propagation, this lack of control leads to polymers with a very broad 
molecular weight, and a better catalyst was needed. By replacing the last phosphine ligand with a 
pyridine, this led to the 3
rd
 generation of catalyst G3 (Chart 1.1) whose rate of initiation is over 
10,000 times faster than G2, which allows all of the catalyst to initiate simultaneously and thus 
gives polymers of uniform length. This combined with the lack of chain transfer for the Grubbs 
catalysts means this system is capable of performing living polymerizations, giving much better 
control over the polymer architecture.
76–78
 
Chart 1.1 The Grubb’s family of catalysts 
 
Mechanism 
 As ROMP is a cross metathesis reaction, the mechanism of ROMP builds upon the work 
for cross metathesis, of which early work focused on how the bonds were being broken. If 
HR1C=CHR1 and HR2C=CHR2 are subjected to metathesis one will obtain a mixture of both 
starting materials and HR1C=CHR2 (cis and trans) The possible mechanisms considered were 
where the C=C is broken and each half piece is shuffled, or where the C-R and C-H single bonds 
are simultaneously broken and reshuffled as a pair (Scheme 1.3). 
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Scheme 1.3 Two possible mechanisms for cross metathesis 
 
Mixtures of deuterated substances were able to differentiate between the two mechanisms, 
showing that the double bond is being broken and not the single bond.
79,80
  Additional 
deuteration studies were able to show that for the catalyst, a metal carbene species was operative 
that reacted with each molecule in sequence instead of reacting with both olefins 
simultaneously.
80,81
 
 With the homogenous Grubbs catalysts dominating the field of ROMP, a large amount of 
mechanistic work started being performed on these systems. This includes observation of ligand 
dissociation and catalyst intermediates, ruthenium methylidene and bimetallic decomposition 
routes, norbornene rates being independent of the phenyl alkylidene electronics, and that 
phosphine dissociation is the rate determining step for initiation of G2.
82–91
 As the 
metallacyclobutane ring is the proposed intermediate in the reaction, NMR investigations have 
been able to observe the structure.
92,93
 Earlier work with tungsten was actually able to obtain a 
crystal structure of the metallacyclobutane ring.
94
 Based on the cyclobutane intermediates and 
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the mechanistic work on cross metathesis the current mechanism for ROMP is shown in Scheme 
1.4 
Scheme 1.4 Mechanism for ROMP 
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Chapter 2 Silane Chain Transfer Agents in the Synthesis of End 
Modified Polyketone Catalyzed by a Palladium (II) Catalyst 
 
2-1 Introduction 
 By controlling the end groups of polymers one can attach other polymers or unique 
functional groups that normally wouldn’t be able to be incorporated due to the lack of reactivity 
of the polymer main chain or the sensitivity of the polymerization technique.
1–4
 The most 
common method to introduce functional groups onto the end of the polymer made by catalytic 
polymerization is post polymerization functionalization, which can use either the double bond 
normally found at the end of polymers or by introducing a reactive group by quenching the 
polymerization with something like I2.
5–16
 However, the quenching techniques kills the catalyst 
and thus, only gives one functionalized polymer chain per catalyst while the post polymerization 
technique is challenging for many polymers due to the high temperatures required which limits 
the types of functional groups that can be introduced. 
 One way around this is by using a chain transfer polymerization (CTP) with 
functionalized chain transfer agents (CTA). This works by the CTA cleaving the polymer chain 
from the catalyst, while introducing the functional group onto the catalyst, which then starts a 
new polymer chain with that functional group as the beginning of the chain as shown in Scheme 
2.1. 
16 
 
Scheme 2.1 Proposed chain transfer polymerization route for catalyst 1  
 
  
While CTP and the use of functionalized CTA have been done before, the oxophilicity of the 
catalysts and the CTA’s involved seriously limit the systems.17–30 To get around this problem, 
this work focuses on using a late transition metal (LTM) catalyst to perform CTP as LTM are 
less oxophillic and thus more stable towards the heteroatoms present in a functionalized CTA. In 
order for a LTM catalyst to work it must be capable of both polymerizing monomer and reacting 
with a CTA. The phenanthroline palladium catalyst 1 (Chart 2.1) is known to copolymerize 
styrene and carbon monoxide to form polyketone which corresponds to step 2 in Scheme 2.1.
31
 
Chart 2.1 Phenanthroline palladium catalyst 
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The catalyst is capable of performing the living polymerization of polyketone, which means that 
in absence of a CTA there are no other chain transfer events. This is advantageous as it means 
that all of the polymer chains formed in presence of a functional CTA will be modified with that 
CTA. In a separate paper the same catalyst is known to perform hydrosilylation of styrene which 
forms a Pd-Si species and is capable of inserting styrene which corresponds to step 1 in Scheme 
2.1. Additionally silane cleaves the inserted product, which is essentially step 3 in the CTP.
32
 
Based on this it appears that catalyst 1 should be able to perform all of the steps necessary for the 
chain transfer copolymerization of styrene and carbon monoxide using silanes as chain transfer 
agents. 
  
2-2 Results and Discussion 
 While the ability of catalyst 1 to perform the hydrosilylation of styrene as well as 
copolymerize styrene with carbon monoxide suggests that the two systems should be compatible, 
other systems that involve silane and carbon monoxide tend to form silicon oxygen bonds which 
would be unsuitable for this system.
33–35
 Therefore the first step was to determine the stability of 
the Pd-Si species towards carbon monoxide. To catalyst 1 various silanes (HSiEt3, HSiPh3, 
HSi(iPr)3, HSiMe2Ph, HSiMePh2 and HSi(OEt)3) were added to determine the Pd-Si species 
suitability in absence of carbon monoxide. Only HSiPh3 and HSi(iPr)3 gave stable solutions 
which could be characterized by NMR. Brookhart has previously characterized the Pd-Si species 
at -78 °C for HSiEt3 and HSiPh3 starting from the ether ligand catalyst instead of the acetonitrile 
catalyst, however he was unable to observe any clear species for the HSi(iPr)3 version. 
Additionally, after formation of the Pd-Si species, when the ether ligand was replaced with PPh3 
they could be isolated as solids but were catalytically unreactive.
32
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To the Pd-SiPh3 and Pd-Si(iPr)3 solutions carbon monoxide was bubbled through them to 
determine their stability. The Pd-SiPh3 species decomposes instantly turning from a yellow color 
into a dark solution with palladium black falling out. The same experiment using Pd-Si(iPr)3 
remained stable for roughly 30 seconds before decomposing. As Pd-Si(iPr)3 is the most stable it 
would be used for the polyketone polymerization. Whether it would produce silyl end modified 
polyketone would depend upon the relative rate of insertion with styrene versus decomposition 
with CO. Brookhart has observed for the Pd-SiEt3 ether species that styrene insertion was 
instantaneous, so the instability of the catalyst towards CO may not matter.
32
 
 An initial copolymerization was tried using 4-tert-butylstyrene (TBS) in DCM with 40 
psi of carbon monoxide. The Pd-Si(iPr)3 catalyst was synthesized in the glove box by combining 
catalyst 1 with 1.8 equivalents of HSi(iPr)3 in DCM and letting it react for a few minutes, then 
the catalyst mixture was syringed into the reactor. After 3 days the reaction was quenched in 
methanol to give a white solid. However, IR, 
1
H and 
13
C NMR show no signs of any signals 
corresponding to the carbonyl stretch of the expected polyketone polymer, instead it is consistent 
with poly 4-tert-butylstyrene (polyTBS). This was an unexpected development as Brookhart 
made no mention of forming the polystyrene product for his hydrosilylation reaction, though he 
did use styrene instead of TBS.
32
 Repeating the copolymerization using styrene instead of TBS 
made no difference, the polystyrene product was formed with no indication of the polyketone 
product. 
 To address the polyTBS problem various control reactions were performed. The Pd-
Si(iPr)3 catalyst was mixed with TBS in absence of CO and the polyTBS product was formed, 
which means that decomposition of the catalyst by CO is not the source of the problem. This 
control reaction was repeated in the presence of 10 equivalents of MEHQ (a radical inhibitor) 
19 
 
and polyTBS was still obtained, which means that the formation of polyTBS does not follow a 
radical pathway. When the control reaction was repeated with 10 equivalents 2,6-
ditertbutylpyridine (DTBP), no polyTBS was formed, which suggests that polyTBS formation is 
proceeding via a cationic pathway from some source of H
+
. As catalyst 1 makes polyketone 
without producing polystyrene, the Pd-Si intermediate is most likely extremely sensitive to water 
which would form a Pd-H which could decompose into palladium (0) and H
+
 which would then 
polymerize the TBS. 
 Using DTBP to inhibit polyTBS formation, the copolymerization of TBS and CO with 
catalyst 1 and 1.2 equivalents of HSi(iPr)3 was performed for 39 hours. Polyketone was obtained 
but it also contains polyTBS, for every 1 repeat unit of polyketone there is 5.5 repeat units of 
polyTBS. The polyTBS could be purified out by washing the product with hexanes. Based on the 
amount of polyketone formed the TON of the reaction is only 2.8 for a 39 hour reaction. For 
comparison Brookhart was able to achieve 12 turnovers every hour, which suggests that large 
amounts of the catalyst are decomposing with the addition of silane.
31
 Repeating the reaction 
with styrene instead of TBS for 41 hours gave similar results but the ratio of polyketone to 
polystyrene improved to 1 polyketone to 0.2 polystyrene units, similarly the polystyrene can be 
purified out with hexanes. The TON for polyketone improved to 17.8 
 Now that polyketone has been successfully synthesized, the polymer was analyzed by 
{
1
H, 
29
Si} gHMBC NMR and MALDI mass spec to determine whether silicon was incorporated 
as an end group. {
1
H, 
29
Si} gHMBC NMR for the TBS polyketone (Figure 2.1) and styrene 
polyketone (Figure 2.2) samples both contain a single silicon species, besides the silicone grease 
reference. The silicon shows a cross peak corresponding to the CH of the isopropyl group and 
two cross peaks from the CH2 of the styrene/TBS as the protons are diastereotopic. While this 
20 
 
shows that silicon has been incorporated into the polymer as an end group, it does not show what 
percentage of the polymer is silicon end modified. 
 
Figure 2.1 {
1
H, 
29
Si} gHMBC NMR of the Si(iPr)3 end modified TBS polyketone made by catalyst 1 
 
 
Figure 2.2 {
1
H, 
29
Si} gHMBC NMR of the Si(iPr)3 end modified styrene polyketone made by catalyst 1 
Silicone grease 
Silicone grease 
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MALDI mass spec of the samples shows three types of end groups for the TBS polyketone 
shown in Figure 2.3 and includes end groups corresponding to -Si(iPr)3. It also contains -CH3 
end groups from catalyst 1 that did not react with HSi(iPr)3, as well as -H end groups formed by 
either β hydride elimination or decomposition of the Pd-Si intermediate with water. The -Si(iPr)3 
and -H end groups first insert TBS, while the -CH3 end group first inserts CO; for all three end 
groups the last insertion is TBS which is either saturated or unsaturated due to β hydride 
elimination. The MALDI of the styrene polyketone sample only shows -Si(iPr)3 and -CH3 end 
groups as shown in Figure 2.4. 
 
Figure 2.3 MALDI mass spec of the Si(iPr)3 TBS polyketone made by catalyst 1 
 
K
+
 
K
+
 
K
+
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Figure 2.4 MALDI mass spec of the Si(iPr)3 styrene polyketone made by catalyst 1 
 
 Having confirmed that the polyketone does contain silicon end groups, the low yield of 
the polymerization, only 17.8 TON for styrene, was investigated. To study the rate of the 
reaction, the consumption of styrene was monitored by taking aliquots from the reactor and 
measuring the amount of styrene left compared to an internal toluene standard. Initially catalyst 1 
catalyzed the copolymerization of styrene and CO in absence of HSi(iPr)3 to determine the 
normal rate of polymerization as can be seen as the blue dots in Figure 2.5 showing a linear 
consumption in styrene. Then at 26 hours 1.1 equivalents of HSi(iPr)3 was added to the system, 
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however the consumption of styrene stopped as seen as the red squares in Figure 2.5 Based on 
this it appears that the vast majority of the Pd-Si(iPr)3 intermediate decomposes upon contact 
with CO before it can insert styrene. Thus the silane modified polyketone that was observed in 
the MALDI mass spec is the small amount of Pd-Si(iPr)3 that was able to insert styrene before 
CO decomposes it. Attempting to change the silane from HSi(iPr)3 to HSiPh3 did not help in the 
copolymerization of styrene and CO (where the silane is added at the beginning) as no polymer 
was formed, neither polyketone nor polystyrene. This is consistent with the CO bubbling 
stability study showing that Pd-SiPh3 is significantly more unstable towards CO than Pd-Si(iPr)3. 
 
Figure 2.5 GC rate study of styrene consumption for the copolymerization of styrene and carbon 
monoxide catalyzed by 1 in the absence of silane and then in the presence of HSi(iPr)3 
 As the HSi(iPr)3 catalyst 1 system is too unstable towards carbon monoxide and none of 
the other silanes worked, the phenanthroline ligand was replaced to vary the electronics on the 
metal in an attempt to make the system more stable towards carbon monoxide. The 
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phenanthroline ligand was replaced with dppe, MeOBIAN and 2,2-bipyridine, shown in Chart 
2.2, which were then screened for their compatibility with various silanes, carbon monoxide and 
then its ability to copolymerize styrene and CO to make Si end modified polyketone. 
Chart 2.2 Additional palladium catalysts screened for reactivity with silane and carbon monoxide 
 
For 1-dppe no reaction was observed with HSiEt3 or HSi(iPr)3. For 1-MeOBIAN the catalyst 
reacts with HSiEt3, the Pd-Si decomposes after 5 seconds of CO exposure, and only produces 
polystyrene. Using HSi(iPr)3 it does not appear to react with the catalyst, but upon exposure of 
CO the catalyst immediately decomposes, copolymerization with styrene is able to make 
polyketone but there are no Si end groups. The next catalyst  1-(2,2-bipyridine) reacts with 
HSiEt3, the Pd-Si decomposes immediately upon contact with CO, however, using HSi(iPr)3 it is 
stable towards CO for 1 to 3 minutes. Using the 1-(2,2-bipyridine) HSi(iPr)3 system the 
copolymerization of styrene and carbon monoxide was carried out and polyketone was obtained 
of which MALDI mass spec shows roughly 10% of the end groups contain Si. However, 
monitoring the rate of the reaction by GC shows similar results with the phenanthroline system 
25 
 
in that the vast majority of the catalyst decomposes upon silane addition, making this catalyst 
unsuitable as a chain transfer polymerization system. 
 
2-3 Conclusions 
 Using the palladium phenanthroline catalyst 1 along with the silane HSi(iPr)3, a chain 
transfer polymerization system was successfully developed that is able to synthesize silicon end 
modified polyketone. The incorporation of silicon was confirmed by {
1
H, 
29
Si} gHMBC NMR 
and MALDI mass spectrometry. However, monitoring catalyst activity shows that addition of 
silane decomposes the vast majority of the catalyst, making the system unsuitable as a means to 
produce multiple end modified polymers per catalyst. Attempts at using various different silanes 
or exchanging the phenanthroline with other ligands did not show any improvements in the 
system. 
 
2-4 Experimental 
General Methods and Materials 
All reactions were performed in oven dried glassware under a nitrogen atmosphere at 
room temperature unless otherwise specified. All solvents were dried using a solvent purification 
system. All commercially obtained reagents were used as received. Catalysts 1 and 1-(2,2-
bipyridine) were synthesized according to literature procedure using the NaBArF24 route.
36
 
Catalysts 1-dppe and 1-MeOBIAN were synthesized according to literature procedure with the 
minor modification of using the NaBArF24 salt.
37,38
 
Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian Unity 500 MHz, 
spectrometer. Spectra are reported in ppm and referenced to the residual solvent signal. {
1
H, 
29
Si} gHMBC were recorded on a Varian Unity Inova 600 MHz NMR equipped with a 5 mm 
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Varian AutoTuneX probe. MALDI mass spec was performed on a Bruker Daltonics 
ultrafleXtreme TOF machine using HABA as the matrix, and calibrated against peptide 
standards ranging in mass from 757 to 3149 daltons. Infrared spectra were recorded using a 
Perkin Elmer Spectrum 100 FT-IR Spectrometer using the solid state ATIR mode. Gas 
chromatography was run using an Agilent Technologies 6850 GC equipped with a flame 
ionization detector. 
 
Initial Silane Screening 
 Inside the glovebox to an NMR tube was added catalyst 1 (25.0 mg, 0.0207 mmol) 
dissolved in CD2Cl2 and subsequently 2 equivalents of a silane were added at which point 
1
H 
NMR was taken. Catalyst 1 with HSiPh3 
1
H NMR (500 MHz, CD2Cl2) σ 8.03 (b, Ar), 7.875 (m, 
Ar), 7.72 (m, ortho of BArF24), 7.55 (m,para of BArF24), 7.35-7.45 (b), 1.75 (s, bound NCCH3)  
To test the catalyst stability towards carbon monoxide catalyst 1 (25.0 mg, 0.0207 mmol) 
was dissolved in CH2Cl2 and 10 equivalents of HSiPh3 or HSi(iPr)3 were added and allowed to 
react to form the Pd-Si species as denoted by the deep yellow color. Then carbon monoxide was 
bubbled through the solution. For the other catalyst ligands, the screening of silanes and carbon 
monoxide was carried out in a similar manner. 
 
General Polymerization Procedure 
All polymerizations were carried out in a stainless steel 200 ml Büchiglasuster miniclave 
drive reactor. The reactor was dried under vacuum for 2 hours and flushed with nitrogen. To the 
reactor was added 100 ml of dichloromethane, then 10 ml of monomer (styrene or 4-tertbutyl 
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styrene). The catalyst solution was prepared inside the glovebox by dissolving catalyst 1 (218.1 
mg, 0.1809 mmol) in 10 ml of dichloromethane and then adding silane to it. This mixture was 
then syringed into the reactor, pressurized to 40 psi of carbon monoxide and allowed to stir for 
the desired time. The reactor was then depressurized and the polymerization was precipitated 
into methanol and the polymer isolated by filtration. 
 
Polystyrene Control Reactions 
 To determine the cause of polystyrene formation, control reactions were performed using 
the general polymerization procedure but without carbon monoxide. Based on the control 
reactions future copolymerizations with carbon monoxide would use 5 equivalents of DTBP to 
inhibit the formation of the polystyrene product. 
 
GC Rate Study 
Using a modified form of the general polymerization procedure, the rate of 
polymerization was monitored by following the consumption of styrene by periodically taking 
aliquots from the reactor and analyzing them via Gas Chromatography relative to a toluene 
standard.  The reactor was modified with a dip tube, that when opened would push out some of 
the solution because of the carbon monoxide pressure, to allow aliquots to be taken. The first 
portion of the aliquot is discarded as the solution that sits inside the dip tube is not representative 
of the bulk reaction. 
After the reactor was dried 133 ml of dry CH2Cl2, 4.8126 g of toluene, 207.2 mg of 
catalyst 1 and 8.9723 g of styrene were added to the reactor. This was pressurized with 40 psi of 
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carbon monoxide, stirred and an initial aliquot taken to get a time zero point. The reaction was 
allowed to polymerize while periodically taking aliquots. At this point 1.1 equivalents of 
HSi(iPr)3 and 5 equivalents of DTBP in 5ml of CH2Cl2 were added to the reactor without 
depressurizing the reactor. This addition was accomplished by installing a line of steel tubing 
above the reactor with valves above and below the tubing. This allowed for the piece of tubing to 
be vacuumed and flushed with nitrogen while it was being filled with the silane/DTBP mixture. 
To add the mixture to the reactor the top valve is kept closed while the bottom valve is opened. 
Confirmation that the solution actually falls into the reactor while pressurized was done 
separately using a dyed solution. After the addition of silane aliquots were continued to be taken 
periodically. 
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Chapter 3 Silane Chain Transfer Agents in the Synthesis of End 
Modified Polyethylene Catalyzed by a Palladium (II) Diimine 
Catalyst 
 
3-1 Introduction 
 Due to the inherent instability of the phenanthroline Pd-Si intermediate towards carbon 
monoxide, the polyketone chain transfer polymerization (CTP) system described in chapter 2 is 
unsuitable as a means to introduce functional groups into the polymer through the use of silane 
chain transfer agents. To overcome this difficulty a different type of polymerization is needed 
that does not use carbon monoxide. An alternative would be some type of system that makes 
polyethylene, as it does not use CO and because greater than a quarter of all polymers that are 
produced are polyethylene, the development of a CTP system for this class of materials would 
have a much broader impact.
1
 There exist a number of chain transfer polymerizations capable of 
functionalizing the end groups of polyethylene and ethylene copolymers using silanes, 
phosphines, boranes, amines, alkyl aluminums and various other chain transfer agents (CTA).
2–15
 
However, for these systems either the catalyst or the CTA is oxophillic which severely limits the 
types of functional groups that can be incorporated.
2–15
 Other methods besides chain transfer 
polymerization exist to functionalize polyethylene including ring opening metathesis 
polymerization of octene and the anionic polymerization of butadiene with subsequent 
hydrogenation.
16,17
 However, these methods do not use the ethylene monomer itself, which 
makes large scale implementation expensive. 
The most logical catalyst system for the chain transfer polymerization of ethylene is the 
late transition metal (LTM) palladium (II) diimine polyethylene system discovered by 
Brookhart.
18
 As it is a LTM it will be more stable towards the heteroatoms in functionalized 
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CTA’s and the silane CTA’s that will be used are less reactive towards heteroatoms compared to 
the metal alkyl CTA’s used in previous CTP systems. The palladium (II) diimine system shares 
many of the desirable qualities as the previous phenanthroline polyketone system such as being a 
living polymerization, which means that only polymers with the desired end groups are formed. 
This catalyst system has been used previously as a means to introduce functional end-groups into 
the polymer, though a prefunctionalized catalyst was used, which limits the number of polymer 
chains per metal to one.  Additionally triethylsilane is already known to cleave the polyethylene 
(PE) chains from the catalyst and presumably form a Pd-Si species.
19
 Insertion of olefin into a 
Pd-Si species of the same catalyst has also been shown by Brookhart which suggests that this 
system should be capable of performing a silane chain transfer polymerization. of ethylene.
20
 
 
3-2 Results and Discussion 
In a preliminary experiment, catalyst 2 (shown in Chart 3.1) and 311 mM (835 
equivalents) HSiEt3 in dichloromethane were combined and pressurized to 40 psi of ethylene at 
room temperature. After 16 hours, GC analysis of the crude mixture showed the catalytic 
formation of SiEt4 (47 TON), the hydrosilation product of ethylene. 
Chart 3.1 Diimine palladium catalyst 2 
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A small amount of SiEt3butyl (0.3 TON) was also observed, which comes from the insertion of 
two ethylene molecules before silane addition, based on the mechanism shown in Scheme 3.1 
and is an indicator that CTP is possible. 
Scheme 3.1 Proposed mechanism of hydrosilation/polymerization 
 
This successful hydrosilation experiment confirmed that the in-situ formed palladium (II) 
diimine silyl complex can indeed insert ethylene and thus that tertiary silanes could be used as 
CTAs for palladium (II) diimine-catalyzed olefin polymerizations. The main difference between 
a hydrosilation reaction and a chain transfer polymerization is the number of olefin insertions 
that occur prior to chain transfer (Scheme 3.1). Therefore performing the reaction at a lower 
silane concentration was expected to result in the synthesis of a silane-terminated polyethylene 
instead of the hydrosilation product. Indeed, a series of polymerizations performed in presence of 
lower amounts of silane yielded hyperbranched polyethylenes. Molecular weight analysis by gel 
permeation chromatography of the polymers showed a systematic decrease in the molecular 
weight with increasing silane concentration and a broadening of the molecular weight 
distribution as shown in Table 3.1. It is worth noting that in absence of silane, entry 1, the 
polymerization is living as illustrated by the narrow molecular weight distribution of the 
polymer.
21
 This means that in absence of chain transfer agent, only one polymer chain is formed 
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per metal center.  The large decrease in polymer molecular weight in the presence of silane and 
only a small decrease in catalyst activity imply that multiple polymer chains are produced per 
metal center, showing that silane does indeed act as a CTA. 
Table 3.1 Effect of HSiEt3 concentration on Mn with catalyst 2 
Entry 
HSiEt3 
mM 
Yield 
g 
TOF 
h
-1
 
Mn
[a]
 
g/mol 
Ɖ 
1 0.00 2.77 354 158,700
[b]
 1.14 
2 3.35 2.61 331 71,900 1.49 
3 6.68 2.47 315 40,800 1.61 
4 8.89 2.73 349 41,300 1.64 
5 13.24 2.65 338 23,500 1.50 
6 19.89 2.23 285 18,300 1.56 
7 26.16 2.42 309 14,100 1.60 
8 32.73 2.45 311 11,500 1.85 
[a]
Mn was determined by GPC. 
[b]
Mn was 
determined based upon polymer yield and moles of 
catalyst added. 
 
Based on the kinetics of a chain transfer polymerization the degree of polymerization 
(DP) should follow the Mayo equation, Equation 3.1,  under steady state conditions and in the 
absence of any other chain termination mechanisms.
22
 Here kp and ktr represent the rate constants 
for chain propagation and chain transfer, respectively. While the catalyst is known to be zero 
order in ethylene for the rate of polymerization
18
 it is possible that ethylene could inhibit the 
reaction with silane, thus ethylene was included in the equation but left to an unknown power of 
x. Nonetheless, by performing all the polymerizations at constant temperature and pressure the 
[ethylene]
x
 term is a constant throughout the study.  
Equation 3.1 Theoretical dependence of DP on [silane] 
1
𝐷𝑃
=  
1
𝐷𝑃𝑜
+  
𝑘𝑡𝑟[silane]
𝑘𝑝[𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒]𝑥
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Applying Equation 3.1 to the polymerization data presented in Table 3.1 shows a linear 
relationship between the inverse of degree of polymerization and the silane concentration as seen 
in Figure 3.1 
 
Figure 3.1 Relationship between DP and HSiEt3 concentration 
This confirms that HSiEt3 is a well behaved CTA under these reaction conditions. Kinetic 
information about the system can also be determined as the slope of the line corresponds to the 
ratio ktr/kp[ethylene]
x
 ~ 0.069 which suggests that the rate constants of chain transfer and chain 
propagation are within an order of magnitude. This is significantly different from lanthanide and 
group IV mediated CTP with silane, where propagation is significantly faster than chain 
transfer.
8
 This is of importance as a slow chain transfer reaction requires the use of a larger 
amount of CTA from which only a small fraction will be consumed. 
Having established that chain transfer occurs in presence of silane, attempts were made to 
observe the palladium silyl intermediate during the reaction. While the palladium silyl 
intermediate appears to be mostly stable under polymerization conditions, multiple attempts to 
isolate it or even observe it via 
1
H NMR or ESI mass spectrometry remain unsuccessful. One 
attempt using 
1
H NMR reacted 2 equivalents of HSiEt3 with catalyst 2 in CD2Cl2 which resulted 
in the detection of methane, consistent with the silane reacting, partial consumption of catalyst 2 
y =0.069x + 0.00017 
R² = 0.99 
0
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and in the near quantitative consumption of the silane along with the production of H2. The 
palladium silyl presumably formed could not be detected by 
1
H NMR as it decomposed too 
rapidly to palladium black. This palladium black is responsible for the catalytic conversion of the 
HSiEt3 into H2 and Et3Si-SiEt3. The possibility of H2 formation during the polymerization raised 
the question of whether silane was the true CTA and if the polymer had the desired silicon end 
group. Indeed, H2 is a very effective chain transfer agent for olefin polymerization and thus in-
situ formed H2 during the polymerization could be the culprit for the decrease of molecular 
weight in Table 3.1
23
 The only difference between the product of CTP by H2 and silane is the 
identity of the end-group. If silane is indeed a CTA then the polyethylene formed should contain 
a silicon end group. Therefore, analyzing the polymer end-groups proved to be critical. The low 
molecular weight branched polymer formed could not be easily precipitated and thus separated 
from Et3Si-SiEt3, a by-product formed after ethylene pressure is released. The 
1
H NMR 
methylene signals of Et3Si-SiEt3 overlap with the expected 
1
H signals of the PE-CH2-Si(CH2-
CH3)3 end groups making assignment problematic.  Therefore polymers with a more linear 
topology were made at higher ethylene pressure as they could be precipitated and thus separated 
from any undesired silane containing small molecule.
24
 A polyethylene made at 400 psi with 
HSiEt3 was characterized by {
1
H, 
29
Si} gHMBC NMR spectroscopy as shown in Figure 3.2 Two 
cross-peaks corresponding to a tetraalkyl silane molecule were detected showing that silicon end 
groups are present in the polymer. While the PE-CH2-Si(CH2CH3)3 methyl protons overlapped 
with the PE signals, the methylene protons of the PE-CH2-Si(CH2-CH3)3 could be detected in 
the 
1H NMR at δ = 0.52 ppm. The molecular weight of the polymer was determined by 
integrating this signal versus the protons of the backbone as well as accounting for polymers 
formed from the initial amount of 2 to give a Mn = 38,400 g/mol which is in very good 
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agreement with the value determined by GPC = 38,900 g/mol, hence confirming that the polymer 
is indeed silicon end-functionalized.  
 
Figure 3.2 {
1
H, 
29
Si} gHMBC NMR of the precipitatable hyperbranched polyethylene synthesized at 400 
PSI of ethylene in presence of HSiEt3 (Spectrum was referenced to silicone grease) 
To demonstrate the tunability of this chain transfer polymerization technique, the reaction 
was performed with multiple silanes with varying substituent groups. At equal concentration and 
under identical reaction conditions, various silanes were investigated as shown in Table 3.2 
Decreasing the silane steric bulk, substituting an ethyl group for a methyl group (Table 3.2 
entries 1 vs. 2) led to a faster rate of chain transfer while increasing the steric bulk of the alkyl 
substituents, substituting ethyl groups for isopropyl groups, led to the complete inhibition of the 
chain transfer reaction (Table 3.2 entry 3). The ability to tune the rate of chain transfer through 
steric variations and concentration of the silane enables a fine control of the degree of 
polymerization. In Table 3.2 approximately 15.0% of the HSiEt3 is consumed based on yield and 
Mn, while 25.9% of the faster HSiEt2Me is consumed. This attribute could be of interest in the 
case of implementing an expensive CTA by minimizing the amount of unreacted CTA.  Finally, 
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alkoxysilane (Table 3.2, entry 4) could be used as a chain transfer agent, resulting in a 
polyethylene chain made via CTP that contains multiple heteroatoms per chain. 
Table 3.2 Comparing the Effect of Various Silanes on Mn 
Entry Silane 
Yield 
(g) 
TOF  
h
-1
 
Mn
[a]
     
g/mol 
Ɖ 
1
[b]
 HSiEt3 2.65 338 23,500 1.50 
2 HSiEt2Me 2.38 302 13,100 1.70 
3 HSi(ipr)3 2.67 340 179,000 1.13 
4 HSi(OEt)3 2.07 264 51,700 1.50 
[a]
Mn was determined by GPC. 
[b]
Included for 
comparison. 
 
In order to showcase the functional group tolerance of the new chain transfer 
polymerization method a copolymerization of ethylene with the polar monomer methyl acrylate 
was performed in presence of silane (Scheme 3.2), since palladium diimine catalysts are known 
to copolymerize ethylene and methyl acrylate.
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Scheme 3.2 Chain transfer copolymerization of ethylene and methyl acrylate 
 
In a control experiment, ethylene methyl acrylate (MA) copolymerization yielded a 
polymer with a Mn of 31,900 g/mol and a dispersity of 1.40 while in the presence of HSiEt3 the 
Mn decreases to 9,000 g/mol and the molecular weight distribution increased to 1.56 As the TOF 
decreases somewhat from 141 h
-1
 for the control, to 104 h
-1
 in presence of HSiEt3 this shows that 
the system is still able to perform chain transfer in presence of polar monomer. 
1
H DOSY NMR 
of the copolymer showed that the silane and acrylate moieties have the same diffusivity 
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coefficient, shown in Figure 3.3 and Table 3.3, confirming that the polymer contains both silicon 
and methyl ester groups.  
 
 
Figure 3.3 
1
H DOSY NMR of ethylene methyl acrylate copolymer synthesized in presence of HSiEt3 
(one of the Si-CH2 is polymer bound, the other Si-CH2 is some type of small molecule) 
 
Table 3.3 Diffusion coefficients calculated from DOSY in Figure 3.3 
Peak  (ppm) Diffusion coefficient (m
2
/s) 
TMS (separate experiment) 8.41E-10 
Methyl acrylate copolymer CH3  (3.662) 2.76E-11 
Polyethylene backbone (1.258) 2.74E-11 
Polyethylene backbone (0.882) 2.77E-11 
Si-CH2 (0.489) 3.96E-11 
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For the methyl acrylate copolymer in presence of silane, determination of Mn by NMR 
gives a value of 8,550 g/mol which is again in good agreement with that determined by GPC. 
The ability of this system to perform CTP in presence of polar monomers and heteroatoms is a 
clear advantage of using a LTM over oxophillic catalysts. Interestingly, in this system the 
decrease in Mn was actually followed by a decrease in the incorporation of methyl acrylate from 
0.7% for the control to 0.45% Mol% upon addition of silane. Higher methyl acrylate 
incorporation was achieved by lowering the pressure of ethylene. Performing the reaction in 
presence of silane at 100 psi instead of 200 psi of ethylene gives a copolymer with 0.89% MA 
with a further decrease in Mn to 4,200 g/mol, however TOF drops significantly to 19 h
-1
. This 
drop in activity is consistent with the previously reported copolymerization results with the same 
catalyst.
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3-3 Conclusions 
 In conclusion, the first example of silane as a chain transfer agent for the polymerization 
of olefin by a cationic palladium (II) diimine catalyst has been demonstrated. The rate of chain 
transfer can be precisely controlled by varying the concentration and substituents of the silane. 
The merit of using a late transition metal catalyst for the polymerization of olefin is its 
compatibility with heteroatoms. This strength is highlighted by the use of alkoxy silanes as CTA 
as well as the compatibility of the system to ethylene polar monomer copolymerizations. 
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3-4 Experimental 
General Methods and Materials 
All reactions were performed in oven dried glassware under an argon atmosphere at room 
temperature unless otherwise specified. All solvents were dried using a solvent purification 
system. All commercially obtained reagents were used as received. The ligand diacetyl-bis(2,6-
diisopropylphenylimine), the corresponding diimine palladium methyl catalyst (catalyst 2) and 
the GC standard Et3SiSiEt3 were synthesized according to literature procedure.
29–31
 
 
1
H NMR spectra were recorded on a Varian Unity 500 MHz or Bruker Ascend 500 MHz 
NMR and are reported in ppm referenced to the residual solvent signal. DOSY NMR as well as 
{
1
H, 
29
Si} gHMBC were recorded on a Varian Unity Inova 600 MHz NMR equipped with a 5 
mm Varian AutoTuneX probe. DOSY was run with a gradient duration of 2 ms and a diffusion 
delay of 500 ms. Gas chromatography was run using an Agilent Technologies 6850 GC equipped 
with a flame ionization detector. Gel Permeation Chromatography was performed using a Tosoh 
Ecosec HLC-8320GPC fitted with a reference column (6.0 mm ID x 15 cm) a guard column (6.0 
mm ID x 4.0 cm x 5 μm) and two analytical columns (7.8 mm ID x 30 cm x 5 μm). The 
reference flow rate is 0.5 ml/min while the analytical column is at 1.0 ml/min. Samples were 
dissolved in THF HPLC grade (5-10 mg/ml) and filtered through a 0.45 μm PTFE syringe filter. 
Molecular weights were first determined against polystyrene standards (15 points ranging from 
500 Mw to 8.42 million Mw) and then analyzed by a second calibration curve to relate Mn 
determined against polystyrene to Mn determined against known hyperbranched polyethylene 
standards. 
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General procedure for polymerizations 
 
SAFETY WARNING (A steel reactor equipped with a pressure relief valve is preferred over 
glass as Pd
0
 catalyzes the transformation of HSiEt3 into H2 and Et3SiSiEt3 of which the pressure 
increase due to H2 could cause a glass reactor to explode) 
 All polymerizations were carried out in a stainless steel 200 ml Büchiglasuster miniclave 
drive reactor. The reactor was dried under vacuum for 2 hours and flushed with nitrogen. A 24 
ml solution of triethylsilane in chlorobenzene was syringed into the reactor and cooled to 5° C 
using an external cooling unit (Fisher Scientific Isotemp Refrigerated/Heated Bath Circulator). 
Subsequently 25.0 mg of catalyst 2 in 24 ml of chlorobenzene was syringed into the reactor and 
immediately pressurized with 200 psi of ethylene with stirring. After 16 hours the ethylene 
pressure was released and 0.5 ml of triethylsilane was syringed into the reactor to quench the 
reaction. The solvent was removed in vacuo under heat to give either a black solid or viscous 
liquid which was further dried under high vacuum at 100° C. Yields were calculated by 
subtracting out the quantity of catalyst added as well as any remaining solvent or silane as 
determined by 
1
H NMR. 
 
Procedure for the hydrosilation of ethylene 
 The hydrosilation of ethylene was also carried out in the stainless steel 200 ml 
Büchiglasuster miniclave drive reactor. The reactor was dried under vacuum for 2 hours and 
flushed with nitrogen. Triethylsilane, 1734.3 mg, dissolved in 24 ml of dichloromethane was 
syringed into the reactor and left at room temperature. Subsequently 25.0 mg of catalyst 2 in 24 
ml of dichloromethane was syringed into the reactor and immediately pressurized with 40 psi of 
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ethylene with stirring. After 16 hours the ethylene pressure was released. The solvent was 
removed in vacuo to give a liquid, which was filtered to remove palladium black. 
 
Procedure for the synthesis of Et3Sibutyl as a standard for Gas Chromatography 
 Chlorotriethylsilane, 1 ml, was dissolved in 20 ml of hexanes and 4 ml of 1.6 M n-
butyllithium was syringed in. Then 20 ml of tetrahydrofuran was added, at which point a white 
solid immediately precipitated. The reaction was allowed to stir overnight, filtered and then the 
solvent was removed in vacuo to give a clear orange oil. This was used without purification. 
 
 
Procedure for the confirmation that palladium black catalyzes the formation of H2 and 
Et3SiSiEt3 from HSiEt3 
 Palladium black was generated by taking 4.6 mg of catalyst 2 and heating it until it 
stopped off gassing. The resulting black solid was combined with 0.5 ml of HSiEt3 in air and left 
to stir overnight. The liquid was then analyzed by GC, which showed the presence of HSiEt3 and 
Et3SiSiEt3 
 
Procedure for the synthesis of hyperbranched polyethylene standards and calibration of 
the GPC 
 Hyperbranched polyethylene standards of known molecular weight were synthesized in a 
similar manner as the general polymerizations, as the catalyst is known to be living in absence of 
silane. Modifications to the general procedure: catalyst was dissolved in 48 ml of chlorobenzene; 
no silane was added at the beginning of the reaction, only at the end to quench the reaction. 
Reaction time was varied to make polymers with different molecular weights. Weight Mn was 
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calculated as grams of polymer formed divided by moles of catalyst added. A calibration curve 
was constructed by plotting Weight Mn vs GPC Mn from polystyrene standards and fitting a 
quadratic function to the data, Table 3.4 and Figure 3.4. 
 
Table 3.4 Mn of hyperbranched polyethylene standards determined by GPC and weight 
Time 
h 
PDI GPC Mn 
g/mol 
Weight Mn 
g/mol 
2 1.03 39,394 22,506 
4 1.04 66,159 42,002 
6 1.05 95,100 73,214 
8.15 1.07 118,906 89,301 
16 1.14 179,425 158,746 
 
 
Figure 3.4 Calibration curve to relate hyperbranched polyethylene weight Mn to Mn determined from 
GPC against polystyrene standards 
  
Procedure for the synthesis of a precipitatable polyethylene 
 Modifications to the general procedure: the ethylene pressure was increased to 400 PSI 
and 145.3 mg of triethylsilane was used. The polymer was precipitated into acidified methanol of 
which it eventually collects on the stir bar; this was scraped off and pressed between two watch 
glasses to remove solvent. The precipitation was repeated for a total of 4 times and the material 
y = 1.9517E-06x2 + 5.3522E-01x 
R² = 0.997 
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was dried. Verification of the effectiveness of the precipitation method was done by 
polymerizing ethylene at 400 PSI in absence of silane until the reactor was opened and then SiEt4 
was added, which was then successfully removed by the precipitation method as confirmed by 
1
H NMR. 
 
Procedure for the chain transfer polymerization of ethylene with various silanes 
 Modifications to the general procedure: triethylsilane was substituted with various silanes 
(Table 3.2) and the mass of silane added was changed to maintain a concentration of 13.24 mM 
of silane in the reactor. 
 
Procedure for the synthesis of an ethylene methyl acrylate copolymer 
 Modifications to the general procedure: 8.26 grams of methyl acrylate was equally 
divided amongst the solution of silane and catalyst, while adjusting the amount of chlorobenzene 
solvent to maintain a total volume of 48ml. No silane was used for the initial copolymer control, 
while 212.3 mg of HSiEt3 was used for the chain transfer reaction. 
 
Determination of Mn by NMR for silicon containing polyethylene samples 
 In order to accurately determine Mn by NMR, one must account for the polymer chains 
that would have been formed by the initial catalyst 2. Equation 3.2 was used to determine Mn by 
NMR for the polymer synthesized at 400 psi of ethylene as well as the methyl acrylate 
copolymer. Mol ethylene is defined as the number of moles of ethylene that reacted = polymer 
yield g / 28.05 
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Equation 3.2 Determining Mn by 
1
H NMR 
𝑀𝑛 = 28.05 ∗ (
𝑚𝑜𝑙 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒
𝑚𝑜𝑙 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝟐 + 𝑚𝑜𝑙 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 ∗ (
𝑆𝑖˗𝐶𝐻2 𝑎𝑟𝑒𝑎/8
𝑃𝐸 𝑎𝑟𝑒𝑎/4 )
) 
 
 
Determination of the percentage of silane that reacted during the polymerization as well as 
the percentage of chains that are silicon end modified 
Equation 3.3 was used to determine the percentage of silane that reacted, for HSiEt3 and 
HSiEt2Me for Table 3.2 as well as Table 3.5 
 
Equation 3.3 Determining the percentage of silane added that reacted 
% 𝑆𝑖𝑙𝑎𝑛𝑒 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 =  
(𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑦𝑖𝑒𝑙𝑑 𝑀𝑛 𝐺𝑃𝐶⁄ ) −  𝑚𝑜𝑙 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝟐
𝑚𝑜𝑙 𝑆𝑖𝑙𝑎𝑛𝑒 𝑎𝑑𝑑𝑒𝑑
 
 
 
Equation 3.4 was used to determine the percentage of polymer chains that contain a 
silicon end group in Table 3.5 
Equation 3.4 Determining the percentage of polymers that contain a silicon end group 
% 𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑠 𝑤𝑖𝑡ℎ 𝑆𝑖 𝑒𝑛𝑑 𝑔𝑟𝑜𝑢𝑝 =  1 −
𝑚𝑜𝑙 𝑃𝑑
𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑦𝑖𝑒𝑙𝑑 𝑀𝑛 𝐺𝑃𝐶⁄
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Table 3.5 % of silane added that reacted 
Silane Silane mM Ethylene psi %Silane reacted %Polymer 
Chains Si end 
modified 
HSiEt3 3.35 200 11.6 52 
HSiEt3 6.68 200 13.4 71 
HSiEt3 8.89 200 11.4 74 
HSiEt3 13.24 200 15.0 85 
HSiEt3 19.89 200 11.0 86 
HSiEt3 26.16 200 12.3 90 
HSiEt3 32.73 200 12.4 92 
HSiEt3 26.03 400   2.6 65 
HSiEt2Me 13.24 200 25.9 90 
 
 
 
 
Figure 3.5 GPC trace of one of the chain transfer polymerizations with HSiEt3 
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Chapter 4 Silane Chain Transfer Agents in the Synthesis of End 
Modified Polyethylene Catalyzed by a Cobalt (III) Catalyst 
 
4-1 Introduction 
 Just as there are many different types of polymers, there are also many different types of 
polyethylene (PE) each of which excels in a certain application, LLDPE/transparency, 
UHMWPE/strength and HDPE/toughness. These various versions of PE and their unique 
mechanical properties along with its low cost explains why PE represents over a quarter of the 
polymers produced.
1
 In order to make PE even more versatile the introduction of heteroatoms 
would be of great benefit. In chapter 3 the palladium (II) diimine chain transfer polymerization 
system that was developed allows for the introduction of silanes into hyperbranched 
polyethylene. However, hyperbranched polyethylene is a very limited polymer, therefore in order 
to make the CTP system more applicable the system will be extended to another type of 
polyethylene. For polyethylene there exist a number of chain transfer polymerizations using 
silanes, phosphines, boranes, amines, alkyl aluminums and various other CTA’s.2–15 However, 
the oxophilicity of the catalysts and CTA’s limit the system in what types of groups can be 
incorporated, therefore a better catalyst is needed. The catalyst best suited to introducing 
functional groups by CTP is the pentamethyl cyclopentadienyl cobalt phosphite alkyl catalyst 
Co-Et (Chart 4.1) developed by Brookhart which produces HDPE. 
Chart 4.1 Co-Et catalyst 
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The desirable features of this catalyst is that it produces purely linear HDPE, is a living 
polymerization and should only produce end modified polymer, and it is a LTM so it should be 
more stable towards heteroatoms.
16
 Additionally the complex is known to catalyze the 
hydrosilation of hexene via -bond metathesis, which shows that olefin can insert into the Co-Si 
bond making it a good candidate for being compatible with the chain transfer polymerization.
17
 
This chapter will focus on the development of this catalyst for the chain transfer polymerization 
of ethylene and the use of a silane modified dye to showcase that this system is capable of 
introducing functional groups into the polymer. It is worth noting another paper by Brookhart 
where the hydrosilylation of hexene is performed using this catalyst prior to pressuring the 
reaction mixture with ethylene to yield one chain of end-functionalized polyethylene per metal 
center.
18
 
 
4-2 Results and Discussion 
Initially the catalyst Co-Et was used to catalyze the polymerization of ethylene at 40 psi.
19
 The 
polymerizations were living as illustrated by the linear gain in yield and molecular weight 
observed over time as well as the decrease in Ɖ over time as determined by high temperature 
GPC (Table 4.1) The moderate decay of activity for longer reaction times is attributed to the 
partial precipitation of the semi-crystalline PE in dichloromethane at room temperature. Based 
on the previously reported hexene hydrosilylation study, which produced solely the 
hydrosilylation product, the reaction of ethylene and silane catalyzed by Co-Et could result 
either in the corresponding ethylene hydrosilylation product or in silane terminated polyethylene 
according to Scheme 4.1
17
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Table 4.1 Living polymerization of ethylene initiated by Co-Et
[a] 
 
Entry 
Time 
(min) 
TON 
Yield         
(g) 
Mn
[b]
  
(g/mol) 
Ɖ[b] 
1 20 95 0.05 4,300 1.6 
2 40 175 0.10 7,800 1.3 
3 60 245 0.14 10,300 1.3 
4 80 370 0.21 14,300 1.2 
[a]
Conditions: 20.7 μmol of catalyst Co-Et; 50 ml 
dichloromethane; 25° C; 40 psi ethylene. 
[b]
Mn and 
Ɖ were determined by GPC. 
 
Scheme 4.1 Reaction mechanism for the tandem hydrosilylation and chain transfer 
polymerization of ethylene 
 
This reaction was performed using 20.6 μmol of Co-Et in 50 ml of CH2Cl2  at 25 °C for 3 hours 
with 51 equivalents of triethylsilane (HSiEt3) under 40 psi ethylene (0.514 M). A milky white 
solution was collected upon ethylene pressure release, this turbidity is known to occur during 
ethylene polymerization as the polymer is not soluble in the solvent and precipitates out. A white 
solid (0.17 g) was isolated upon precipitation in methanol and drying in vacuo. Analysis of the 
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supernatant solution by gas chromatography confirmed the formation of some SiEt4 ( 2 TON) 
and the presence of unreacted HSiEt3 ( 70% of initial loading). Considering the consumption of 
silane and the low quantity of hydrosilylation product, the polymer was investigated to see if any 
silane had been incorporated. High temperature 
1
H NMR of the polymer shows linear 
polyethylene along with a peak at 0.52 ppm consistent with a tetra-alkyl silane end group as 
shown in Figure 4.1 Note that no residual HSiEt3 was detected in the isolated polymer 
confirming that the precipitation method efficiently removes any low molecular weight silanes. 
 
Figure 4.1 (CDCl2CDCl2, 600 MHz) 
1
H NMR of the initial ethylene HSiEt3 hydrosilylation 
The formation of silane terminated polyethylene suggests that silane acts as a chain 
transfer agent for ethylene polymerization catalyzed by Co-Et. This was further confirmed by 
studying the degree of polymerization as a function of CTA concentration, as in a well behaved 
chain transfer system 1/DP varies linearly with CTA concentration according to the mayo 
equation shown in Equation 4.1
20
 This relationship will also allow the determination of the rate 
constant of chain transfer ktrp-n as discussed later. 
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Equation 4.1 Theoretical dependence of DP on [silane] 
1
𝐷𝑃
=  
1
𝐷𝑃𝑜
+ 
𝑘𝑡𝑟𝑝−𝑛[silane]
𝑘𝑝−𝑛[𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒]𝑛
    
A series of polymerizations were performed at constant ethylene pressure, catalyst 
concentration and temperature with varying amounts of HSiEt3 in solution as shown in Table 4.2 
The DP of the polyethylene was determined by 
1
H NMR using the ratio between the CH2’s of the 
PE-CH2-Si(CH2CH3)3 end-group and the methylene protons in the backbone (shown in Figure 
4.1), the trend in these DP’s are consistent with the DP determined by GPC. As illustrated in 
Figure 4.2, the degree of polymerization of the polyethylene is inversely proportional to the 
concentration of silane confirming that HSiEt3 is a chain transfer agent for the catalytic 
polymerization of ethylene. It is also worth noting that the activity of the catalyst decreases as 
the concentration of silane is increased. This decay is attributed to the lower stability of the 
cobalt silyl species, which is consistent with the fact that the cobalt silyl species could not be 
isolated nor detected (vide infra).
21
 
Table 4.2 Effect of HSiEt3 concentration on DP with catalyst Co-Et
[a]
 
Entry HSiEt3 
(mM) 
Yield 
(g) 
TOF 
(h
-1
) 
DP
[b]
 
(NMR) 
DP
[c]
 
(GPC) 
Ɖ[c] 
1 5.1 0.27 155 126 193 2.0 
2 10.5 0.18 105 74 89
 
2.3 
3 15.5 0.21 125 61 63 2.4 
4 20.6 0.20 120 51 54 2.2 
5 25.7 0.16 90 43 44 2.5 
6 31.2 0.17 95 37 42 2.6 
7 36.2 0.14 80 33 38 2.9 
8 41.3 0.16 90 27 33 3.0 
[a]Conditions: 20.7 μmol of catalyst Co-Et; 50 ml dichloromethane; 
25° C; 40 psi ethylene; reacted for 3 hours. 
[b]
DP was determined 
based upon Equation 4.5 in the experimental section 
[c]
DP and Ɖ 
were determined by GPC. 
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Figure 4.2 Plot of 1/DP (NMR) and catalyst activity versus triethylsilane concentration 
 
Further confirmation that the silane is covalently attached to the polymer end was done by 
performing a 
1
H DOSY NMR experiment of the polymer which shows that the rate of diffusion 
for the Si-Et protons are similar to the rate of diffusion for the protons belonging to the 
polyethylene as shown in Table 4.3 
Table 4.3 Diffusion coefficients for Polymer-SiEt3 
Peak (ppm shift) Diffusion Coefficient (m
2
/s) 
Solvent (5.920) 8.34E-10 
PE CH2 (1.271) 1.66E-10 
PE CH3 (0.882) 2.15E-10 
PE-Si-CH2-CH3 (0.935) 2.06E-10 
PE-Si-CH2-CH3 (0.521) 2.05E-10 
Silicone Grease (0.07) 3.63E-11 
 
As the incorporation of the chain transfer agent, and thus formation of the end-
functionalized polymer, depends on two concomitant reactions: chain growth and chain transfer, 
the kinetics of the chain transfer polymerization were investigated. Equation 4.1 provides 
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information regarding the ratio of the rate constant of chain transfer ktrp-n to the rate constant of 
chain propagation kp-n, (See Scheme 4.1) assuming the ethylene dependency of the 
polymerization is known. Therefore a series of ethylene polymerizations were performed at 
varying monomer concentration to determine the order of ethylene (Figure 4.3). 
 
Figure 4.3 Dependency of activity of Co-Et as a function of ethylene concentration. Conditions: 20.7 
μmol of catalyst Co-Et; 50 ml dichloromethane; 25° C; reacted for 1 hour to minimize polymer 
precipitation 
 
The activity of the polymerization increases linearly with ethylene concentration showing that 
the polymerization is 1
st
 order in ethylene in absence of silane, which allows Equation 4.1 to be 
rewritten as Equation 4.2 
Equation 4.2 Theoretical dependence of DP on [silane] 
1
𝐷𝑃
=  
1
𝐷𝑃𝑜
+ 
𝑘𝑡𝑟𝑝−𝑛[silane]
𝑘𝑝−𝑛[𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒]
   
 
Equation 4.3 Relation between kp and TOF 
TOF = 𝑘𝑝−𝑛[𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒]  
Using Equation 4.3 and the solubility of ethylene under polymerization conditions, the 
rate constant of propagation kp-n was determined to be 480 h
-1
M
-1
 (the 0.514 M point in Figure 
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4.3 was used to calculate this instead of the slope, as polymer precipitation at higher pressures 
consistently lowers the slope).
22
 Plugging kp-n, the ethylene concentration and the slope of the 
regression line from Figure 4.2 into Equation 4.2 provides the rate constant of chain transfer ktrp-n 
= 180 h
-1
M
-1
. This confirms that the rate of chain propagation is faster than the rate of chain 
transfer, especially considering the large differences in [ethylene] (514 mM) and [silane] (5-40 
mM). This result is consistent with the formation of polymer and the partial consumption of the 
silane.  
A striking difference between the ethylene chain transfer polymerization and Brookhart’s 
hydrosilylation of hexene is that the rate of ethylene propagation is faster than -bond metathesis 
while -bond metathesis is significantly faster than hexene insertion into a Co-alkyl chain (as 
evidenced by the absence of any consecutive insertions of hexene being observed). This 
selectivity motivated a more detailed investigation of the rates for the different elementary steps 
in the chain transfer polymerization. 
For the cobalt catalyst the rate of migratory insertion of ethylene when the alkyl group is 
an ethyl group (polymer with a DP=1) is slower than the rate of insertion into a butyl or longer 
group (polymer with a DP≥2).23,24 To see whether this effect also exists for the silane -bond 
metathesis, the rates of silane metathesis were measured with cobalt alkyl complexes containing 
either an ethyl or hexyl chain. Additionally the effect of the pendant silane group was measured 
by studying the rate of ethylene insertion and silane metathesis with the Co-Et and Co-Et-SiEt3 
species. 
The rate of cleavage of the cobalt-ethyl bond was determined by reacting Co-Et with 10 
equivalents of HSiEt3 in CD2Cl2 at -46 °C and monitoring the disappearance of the agostic 
hydrogen signal (-12.2 ppm). As can be seen in Figure 4.4 the logarithm of the concentration of 
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Co-Et decreases linearly with time suggesting a first order reaction; using Equation 4.4 the rate 
constant ktr-ethyl was determined to be 2.0 h
-1
M
-1
 at -46 °C (Scheme 4.2). The reaction was 
confirmed to be 1
st
 order in silane by performing a second experiment with double the silane 
loading which resulted in double the observed rate. 
 
Figure 4.4 Differing rates of chain transfer with HSiEt3 for Co-Et and Co-Hex 
Equation 4.4 Rate of silane chain transfer 
Rate =  𝑘𝑡𝑟−𝑅[𝑪𝒐𝑹][𝐻𝑆𝑖𝐸𝑡3]  
Scheme 4.2 -bond metathesis and ethylene insertion of cobalt alkyl species 
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The cobalt hexyl complex Co-Hex was used as a model for the catalyst attached to a polymer 
chain, this was synthesized by performing the hydrogenation of hexene using Co-Et. Under 
analogous conditions for Co-Et, the rate of cleavage for Co-Hex was monitored by the 
disappearance of the agostic hydrogens at -12.9 ppm and -13.1 ppm to give ktr-hexyl = 4.0 h
-1
M
-1
 at 
-46° C. The larger value of 4.0 h
-1
M
-1
 for Co-Hex vs 2.0 h
-1
M
-1
 for Co-Et demonstrates that -
bond metathesis is faster when the cobalt center is attached to a longer alkyl chain. This is 
consistent with the observation made by Brookhart for the migratory insertion of ethylene.
23
 
Considering the impact of chain length on the rate of σ-bond metathesis the effect of the 
terminal silane group of the alkyl chain on the rate of chain transfer and ethylene insertion was 
also investigated. The Co-Et-SiEt3 complex was synthesized in situ by exposing a solution of 
Co-Et and 15 equivalents of vinyl triethyl silane to 100 psi of H2 for 30 minutes and then purged 
with argon to yield a mixture of Co-Et-SiEt3  and Co-Et (80/20) as well as unreacted vinyl 
triethyl silane.
17
 This solution was then cooled to -78 °C and either a solution of HSiEt3 in 
CD2Cl2 was added or the headspace was purged with ethylene, both reactions are under flooded 
conditions to ensure pseudo first order kinetics. The samples were allowed to warm to the 
reaction temperature and the rates of chain transfer or ethylene insertion were monitored by 
following the disappearance over time of the Co-Et-SiEt3 agostic hydrogen at -10.40 ppm. The 
rate constants ktr1 and kp1 were determined at various temperatures and used to construct an 
Arrhenius plot (Figure 4.5) to extrapolate the rate constants to room temperature (ktr1 133 M
-1
h
-1
 
and kp1 180 M
-1
h
-1
). This shows that the pendant silane group of Co-Et-SiEt3 slows down the 
rate of ethylene insertion more than the rate of chain transfer when comparing to the rate 
constants determined from the Mayo equation for the Co-polymer species (ktrp-n 180 M
-1
h
-1
 and 
kp-n 480 M
-1
h
-1
). 
60 
 
  
Figure 4.5 Arrhenius plot for Co-Et-SiEt3 σ-bond metathesis with HSiEt3 and insertion of ethylene 
 
To complete the mechanistic study of the chain transfer polymerization the rate of 
insertion of ethylene into the cobalt silyl bond (ki from Scheme 4.1) was investigated. However, 
while the three NMR chain transfer rate studies with HSiEt3 described above presumably yielded 
the desired cobalt silyl complex, no new peaks consistent with it were observed. This lack of 
signal is attributed to the instability of the Co-SiR3 species, which is consistent with previous 
failed attempts to observe it.
21
 The reaction of Co-Et with HSi(OEt)3 was performed as a final 
attempt to characterize the corresponding cobalt silyl complex, in the hope that altering the 
electronics of the silane could stabilize the desired complex. This reaction resulted in the release 
of ethane confirming the cobalt carbon bond cleavage and produced several new peaks in the 
1
H 
region (-12.85, -13.1, -15.45, -16.3 ppm) similar to other Co-R species. However, the absence of 
any cross peaks in the {
1
H-
1
H} gCOSY and {
1
H-
29
Si} gHMBC NMR (Figure 4.13 and Figure 
4.14 respectively in the experimental section) suggests that the protons did not belong to the 
desired Co-Si(OEt)3 species. ESI mass spec of the crude reaction mixture was also unable to 
detect any signal consistent with a Co-SiR3 species using either HSi(OEt)3 or HSiEt3. This lack 
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of detection and the decay in polymerization activity observed at higher silane concentrations are 
consistent with the instability of this intermediary species. This completes the study of the 
kinetics of the chain transfer mechanism, an overview of each rate constant is shown in Table 4.4 
Table 4.4 Overview of various rate constants 
Species HSiEt3                    Ethylene 
Co-Et 2.0 h
-1
M
-1
 (-46 °C) 6.5 h
-1
 (-70 °C)
[a] 
Co-Hex 4.0 h
-1
M
-1
 (-46 °C) 26 h-1 (-70 °C)[a] 
Co-Et-SiEt3 133 h
-1
M
-1
 (25 °C) 180 h
-1
M
-1
 (25 °C) 
Co-Polymer 180 h
-1
M
-1
 (25 °C) 480 h
-1
M
-1
 (25 °C) 
[a]
These rate constants have been reported in the literature and 
are included for comparison.
23
 The rate constant is for the 
ethylene coordinated complex. The catalysts used are the Co-
Et and Co-Pr BF4 versions. 
 
As the primary goal for the development of the silane chain transfer polymerization 
system was to efficiently introduce functional groups into the polyethylene chain, the 
development and incorporation of a silane modified with a functional group was pursued. In 
order to incorporate the largest fraction of functional groups the effect of the silane substituent 
on the rate of chain transfer was investigated. As can be seen in Table 4.5 bulky silanes such as 
HSi(
i
Pr)3 and HSiPh3 (entry 4 and 5) are slow chain transfer agents and little to none of the silane 
reacts, Si/Co < 0.3, the less bulky HSiEt2Me (entry 3) appears to be faster at chain transfer than 
HSiEt3 as evidenced by the lower DP.  
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Table 4.5 Substituent effects of various silanes on DP
[a]
 
Entry Silane 
Ethylene 
(psi) 
TOF
 
   
h
-1
 
DP
[b]
 Si/Co
[e] 
1 None 40 215 644
[c] 
NA 
2 HSiEt3 40 87 46 4.7 
3 HSiEt2Me 40 44 26 4.1 
4 HSi(
i
Pr)3 40 184 ND
[d]
 0 
5 HSiPh3 40 192 ND
[d]
 <0.3 
6 HSi(OEt)3 40 11 ND
[d]
 ND 
7 HSi(OEt)3 240 236 86 7.5 
[a]Conditions: 20.7 μmol of catalyst Co-Et; 50 ml dichloromethane; 
20.65 mM silane; 25° C; reacted for 3 hours. 
[b]
DP was determined by 
NMR. 
[c]
DP was determined by gravimetric yield. 
[d]
 DP was not 
determined since there are too few Si ends to accurately determine it. 
[e]
 
Moles silane reacted per mol catalyst, determined by NMR and yield. 
 
The activity of the catalyst in presence of faster chain transfer agents was observed to be 
systematically lower, which again is attributed to the instability of the Co-Si intermediate. For 
example when the electron deficient HSi(OEt)3 was used (entry 6) barely any polymer was 
recovered. Hypothesizing that the Co-Si intermediate is decomposing before ethylene can insert, 
increasing the rate of insertion should decrease the time spent in the unstable Co-Si form. Indeed, 
by increasing the ethylene pressure (entry 7) this resulted in higher polymer yields, beyond the 
expected ethylene polymerization 1
st
 order rate increase, signifying that more of the catalyst 
remained active. The polymer formed also contained a high amount of Si incorporation (7.5 
Si/Co, 15% of silane loading). These high rates of chain transfer are valuable for introducing 
polar groups using a modified CTA. 
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Scheme 4.3 Synthesis of silane modified Sudan IV 
  
 
Having tested the effects of the silane substituents on the rate of chain transfer a Sudan 
IV dye (Scheme 4.3) modified silane was developed as a means to covalently link the dye to the 
end of the polyethylene. A benzoic acid dimethyl silane was used for this purpose, the carboxylic 
acid allows easy attachment to a multitude of groups while the two Me groups on the silane 
should increase the rate of chain transfer and thus incorporation. The catalyst was first 
demonstrated to remain active in the presence of Sudan IV (Table 4.6 Entry 2) and that a simpler 
version of the silane HSiMe2Ph (Entry 3) is capable of chain transfer, the lower than normal 
incorporation can be increased by increasing the ethylene pressure (Entry 4). Nonetheless the 
chain transfer polymerization using the Sudan IV modified silane was performed at high 
ethylene pressure (Entry 5) and resulted in an orange PE (Figure 4.6) with 0.2 equivalents of the 
silane dye being incorporated as the end group as determined via 
1
H NMR. Analysis of the 
polymer shows that the dye is covalently attached to the polymer and not just a blend as 
1
H NMR 
shows no residual starting silane, this was further confirmed by stirring the polymer in CH2Cl2 
for several days of which no leaching of the dye was observed. 
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Table 4.6 Dye modified silane experiments
[a]
 
Entry Additive Ethylene 
(psi) 
Yield      
(g) 
TOF
 
  
(h
-1
) 
Si/Co
[b] 
1 None   40 0.37 215 NA 
2 Sudan IV   40 0.27 154 NA 
3 HSiMe2Ph   40 0.07   43 0.3 
4 HSiMe2Ph 240 0.60 345 1.0 
5 Silane Dye 240 0.35 203 0.2 
[a]Conditions: 20.7 μmol of catalyst Co-Et; 50 ml dichloromethane; 
3 equivalents of additive were used; 25° C; reacted for 3 hours. 
[b]
Moles silane reacted per mol catalyst, determined by NMR and 
yield. 
 
 
Figure 4.6 Sudan IV modified PE 
 
4-3 Conclusions 
 The chain transfer polymerization of ethylene using silanes as chain transfer agents and a 
cyclopentadienyl cobalt complex as catalyst to synthesize silane end-modified high density 
polyethylene was successfully developed. This expands the capabilities of the silane chain 
transfer polymerization developed in Chapter 3. The rates of chain transfer and other key steps in 
the mechanism have been determined. Most unique to this catalyst is that the rates of chain 
transfer and ethylene insertion depend upon the length of the growing polymer chain on the 
cobalt center. The rate of chain transfer was also shown to vary with the silane substituents. In 
the case of certain chain transfer agents, the instability of the cobalt silyl intermediate was shown 
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to decrease the productivity of the catalyst. This decay could be partially circumvented by 
performing the reaction at higher ethylene pressure. The benefit of the late transition metal chain 
transfer system over other chain transfer systems is its ability to incorporate heteroatoms besides 
the chain transfer agent itself. This was demonstrated using a Sudan IV dye modified silane, 
which was successfully incorporated into the high density polyethylene. 
 
4-4 Experimental 
General Methods and Materials 
All reactions were performed in oven dried glassware using standard schlenk line 
technique under a nitrogen or argon atmosphere. All solvents were dried using a solvent 
purification system, dichloromethane was additionally dried over molecular sieves for at least 
two days. All commercially obtained reagents were used as received unless otherwise noted, 
silanes were degassed by three freeze pump thaw cycles. H(OEt2)2BArF24 and catalyst Co-Et 
were synthesized according to literature procedures.
19,25
 Conversion of ethylene psi to M in 
CH2Cl2 was performed using the equation provided by Brookhart.
26
 
Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian Unity 500 MHz, 
Bruker Ascend 500 MHz or Varian Unity Inova 600 MHz spectrometer. Spectra are reported in 
ppm and referenced to the residual solvent signal. DOSY NMR were recorded on a Varian Unity 
Inova 600 MHz NMR equipped with a 5 mm Varian AutoTuneX probe. High temperature 
NMR’s were carried out in 1,1,2,2-tetrachloroethane-d2. Gas chromatography was run using an 
Agilent Technologies 6850 GC equipped with a flame ionization detector. UV-Vis spectra were 
recorded using a Cary 50 Bio UV-Visible spectrophotometer. ESI mass spectra were recorded 
using a Waters Quattro Ultima equipped with a quadrupole-hexapole-quadropole. 
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Air/water/temperature sensitive samples were done in water free deoxygenated solvents and 
were synthesized right next to the mass spectrometer before being run. 
 
Co-Hex Catalyst Synthesis 
This was performed based on the literature procedure for the propyl version
21
 Under 
air/water free conditions Co-Et (100.0 mg 0.0826 mmol) and a large excess of 1-hexene were 
dissolved in CH2Cl2 (20 ml). This was placed inside an oven dried steel reactor which was then 
pressurized with H2 (100 psi) and reacted for 1 hour. The pressure was released, argon was 
blown through the reactor to remove excess H2 and the solution transferred to a glass flask. The 
solvent was removed in vacuo to yield a dark brown solid (43 mg, 41% isolated yield). Co-Hex 
was shown to be stable at -46 °C in absence of silane by monitoring the agostic 
1
H peak -13.15 
ppm over time; this is shown in Figure 4.10 
1
H NMR at -46 °C (600 MHz, CD2Cl2) σ 7.67 (s, 
BArF24 Ar-ortho), 7.49 (s, BArF24 Ar-para), 4.06-3.65 (m), 3.59 (d, coordinated P(OMe)3), 1.64 
(s, C5Me5), 2.70-0.10 (m, aliphatic), -11.83 (m, agostic H), -12.12 (d), -12.45 (m), -12.62 (t), -
12.88 (m, agostic H), -13.15 (d, agostic H), -14.26 (t, Cp
*
(P(OMe)3)2Co-H
+
 BArF24
-
) The full 
1
H 
NMR spectrum is shown in Figure 4.8 Three agostic hydrogens are observed, which are 
consistent with the agostic hydrogens observed by Brookhart in the propyl version.
27
 Figure 4.7 
details the structures of the different agostic hydrogens. 
31
P NMR at -46 °C (243 MHz, CD2Cl2) 
σ 157.145 (s, Cp*(P(OMe)3)2Co-H
+
 BArF24
-
), 152.124 (s, P(OMe)3 of Co-Hex), 145.781 (s), 
130.956 (s). The 
31
P NMR is shown in Figure 4.9 
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Figure 4.7 (CD2Cl2, 600 MHz) 
1
H NMR at -46 °C for the synthesis of catalyst Co-Hex showing 
the complete consumption of the starting Co-Et species and the appearance of several agostic 
hydrogens consistent with the three species previously seen by Brookhart for the Co-Propyl 
version 
 
 
 
Figure 4.8 (CD2Cl2, 600 MHz) 
1
H NMR at -46 °C for the synthesis of catalyst Co-Hex showing the full 
1
H spectrum 
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Figure 4.9 (CD2Cl2, 243 MHz) 
31
P NMR at -46 °C for the synthesis of catalyst Co-Hex 
 
 
 
Figure 4.10 Integration of the -13.149 ppm 
1
 peak for Co-Hex at -46 °C in absence of silane, showing the 
stability of the complex over time 
 
Polymerization Procedure 
All polymerizations were carried out in a stainless steel 200 ml Büchiglasuster miniclave 
drive reactor. The reactor was dried under vacuum for 2 hours and flushed with nitrogen. A 25 
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ml solution of silane (for experiments that used silane) in dichloromethane was syringed into the 
reactor. Subsequently 25.0 mg of catalyst Co-Et in 25 ml (50 ml if no silane) of dichloromethane 
was syringed into the reactor and immediately pressurized to the desired ethylene pressure with 
stirring. After the appropriate reaction time the ethylene pressure was released and the reaction 
quenched in methanol. The polymer was isolated by filtration and dried under vacuum (at 40 °C) 
overnight. 
 
Determination of DP by NMR for silane containing polyethylene samples 
In order to accurately determine DP by NMR, one must account for the polymer chains 
that would have been formed by the initial Co-Et catalyst using Equation 4.5 Mol ethylene is 
defined as the number of moles of ethylene that reacted = polymer yield g / 28.05 The Si-
Coefficient is defined as the total number of hydrogens from CH2’s that are attached to the Si in 
the polymer. For HSiEt3 this would be 8, for HSi(OEt)3 this would be 2. 
 
Equation 4.5 Determination of DP based on silicon end groups and initial catalyst used 
𝐷𝑃 =
𝑚𝑜𝑙 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒
𝑚𝑜𝑙 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑪𝒐𝑬𝒕 + 𝑚𝑜𝑙 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 ∗ (
𝑆𝑖˗𝐶𝐻2 𝑎𝑟𝑒𝑎/𝑆𝑖˗𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
𝑃𝐸 𝑎𝑟𝑒𝑎/4 )
 
 
Determination of DP by GPC and comparison with values determined by 
1
H NMR 
Gel permeation chromatography was performed by PolyAnalytik using a Tosoh HLC-
8321GPC/HT at 145 °C equipped with two TSKgel HHR HT2 columns with trichlorobenzene as 
the mobile phase. Mn and Ɖ were determined using refractive index against polyethylene 
standards. Reported values are the average of two repeat runs. A representative chromatogram of 
the chain transfer polymerization is shown in Figure 4.11 The values of DP determined by GPC 
in Table 4.2 are the combination of all three peaks. The peak at 21,184 g/mol is consistent as if 
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no chain transfer had occurred in the reactor even though the combined peaks at 1,516 g/mol is 
consistent if chain transfer did occur in the reactor. The peak at 21,184 is most likely due to a 
number of cobalt centers that had polymerized sufficiently that the formed polyethylene caused it 
to crash out of solution, before silane could cause chain transfer. This would protect it from chain 
transfer while still allowing it to polymerize. 
 
 
Figure 4.11 Representative GPC trace of the polymers in Table 4.2 
 
Determination of the number of silanes that reacted per catalyst 
Equation 4.6 was used to determine the equivalents of silane that reacted per cobalt 
catalyst for Table 4.5 and Table 4.6. Si-Coefficient is as defined in Equation 4.5 
 
Equation 4.6 Calculation of the number of silanes that reacted per catalyst 
𝑆𝑖/𝐶𝑜 =  
𝑚𝑜𝑙 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒
𝑚𝑜𝑙 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑪𝒐𝑬𝒕
∗ (
𝑆𝑖˗𝐶𝐻2 𝑎𝑟𝑒𝑎/𝑆𝑖˗𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡
𝑃𝐸 𝑎𝑟𝑒𝑎/4
) 
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Determination of Co-Et and Co-Hex Rate of Chain Transfer with HSiEt3 
To an NMR tube 21.5 μmol of the catalyst, Co-Et or Co-Hex, dissolved in 0.25 ml of 
CD2Cl2 was added and fitted with a septum cap. The sample was then frozen in liquid nitrogen 
and a 0.25 ml solution of HSiEt3 was slowly added which froze. The sample was then melted in a 
dry ice bath, shaken and then added to the NMR (pre-cooled to -78 °C). The NMR was warmed 
up to the operating temperature of -46 °C allowed to equilibrate thermally and then data 
collection started by following the disappearance of the agostic hydrogen signal. Final volume of 
the NMR sample was determined by marking a line where the solution is, filling the empty tube 
with acetone and using the mass of acetone and the density to determine volume. 
 
Determination of ktr1 and kp1 for Co-Et-SiEt3 
The catalyst Co-Et-SiEt3 has been reported previously and is synthesized in a similar 
manner.
17
 The catalyst was prepared by dissolving 20.6 μmol of Co-Et and 15 equivalents of 
vinyl triethyl silane in roughly 1 ml of CD2Cl2. This was placed inside a vial fitted with a cap 
with a needle through it (the needle did not go into the solution, that way when the pressure is 
released the solution does not squirt out). This vial was placed inside a small steel reactor inside 
the glove box, sealed and then brought out. This was hooked up to an H2 cylinder and 
pressurized to 100 psi for 30 minutes at RT, then depressurized and argon blown through the 
reactor to get rid of excess H2. The reactor was brought back into the glove box, the vial taken 
out and the solution added to an NMR tube equipped with a septum cap. This was then cooled to 
-78 °C and added to the NMR to pre lock and shim the NMR as well as to confirm that Co-Et-
SiEt3 was formed in a sufficient amount to perform kinetic experiments. The NMR tube was 
then taken out, placed in a dry ice bath and then either had ethylene purged through the tube or a 
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solution of HSiEt3 (10 equivalents) in CD2Cl2 added. The tube was then shaken, added to the 
NMR, warmed up the desired temperature and then data acquisition started, rate of the reaction 
was monitored by following the disappearance of the agostic hydrogen at -10.40 ppm. There was 
no noticeable consumption of excess vinyl triethyl silane during the experiment. Control 
experiments show that the Co-Et-SiEt3 species is sufficiently thermal stable at the temperatures 
investigated and its decomposition will not significantly contribute to the determined rate 
constants. 
 
Synthesis of the Dye Labelled Silane 
 Under water free conditions Sudan IV (0.4877 g), 4-(dimethylsilyl)benzoic acid (0.4554 
g), synthesized according to literature;
28
 N,N’-dicyclohexylcarbodiimide (0.5103 g) and 4-
(dimethylamino)pyridine (0.0147 g) were combined and dissolved in dichloromethane (50 ml). 
The reaction was left to stir at room temperature for 24 hours. The solution was filtered and the 
filtrate isolated, of which the solvent was removed in vacuo to give an orange/purple solid. This 
solid was purified by column chromatography (40% dichloromethane, 60% hexanes) to give a 
dark orange solid. Obtained 0.4302 grams (62% yield). 
1
H NMR (500 MHz, CDCl3) σ 8.745-
7.275 (m, 17H Ar), 4.482 (sep, J = 4 Hz, 1H Si-H), 2.741 (s, 3H Ar-CH3), 2.481 (s, 3H Ar-CH3), 
0.394 (d, J = 4 Hz, 6H Si-(CH3)2); Mass spec (ESI): M+H Theoretical 543.22 Experimental: 
543.5; UV-Vis (CH2Cl2) λmax = 385 nm, ε = 21,350 cm
-1
M
-1
. Note: The silane carboxylic acid 
precursor used in this reaction displays two different Si-H species in the NMR but only one spot 
on the TLC. We believe these to be two different isomers, of which the major isomer is the para 
isomer as identified by 
13
C and 2D NMR. Both of these isomers react with Sudan IV to make the 
silane modified dye, the chemical shifts we report are for the major isomer. 
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Procedure for DOSY NMR 
DOSY experiments were performed on a Varian Unity Inova 600 MHz NMR equipped 
with a 5 mm Varian AutoTuneX probe. Polymer samples were dissolved in 1,1,2,2-
tetrachloroethane-d2 and placed in 3 mm outer diameter NMR tubes to reduce thermal currents, 
this is based on Equation 4.7  
Equation 4.7 Rayleig-Bernard Equation 
𝑅𝑎 =
𝑔𝛽𝑅4
𝜈𝜒
𝛿𝑇
𝛿𝑍
 
When Ra reaches a certain threshold, convection will occur in the sample.
1
 Thus by reducing R 
(internal diameter of the tube) one can greatly decrease the chance of convection in the sample. 
The pulse sequence Dbppste_cc was used, which contains additional elements in the pulse 
sequence to cancel out the effect of thermal currents. Samples were thermally stabilized in the 
NMR before data collection. The minimum temperature necessary to melt the sample was used 
(100 °C) to limit thermal currents, confirmation that the sample is fully dissolved was done by 
ejecting the sample hot and observing whether the solution is clear or cloudy. To confirm that 
thermal currents are not an issue a control DOSY experiment was performed on the silane 
modified polyethylene from Table 4.2 Entry 7 By keeping d1, gradient length, ∆ and the gradient 
strength constant, but varying del2 from -20 to +20 ms with 2 ms intervals one can determine if 
sufficiently strong thermal currents are present. If thermal currents are an issue one would see the 
peak intensity vary significantly in a sine wave manner, if they are not an issue then one will see 
a constant peak intensity.
1
 As can be seen in Figure 4.12 the intensity of the polyethylene 
backbone is constant, indicating thermal currents are not an issue. Then the DOSY of the sample 
was performed at 15 different gradient strengths with the following parameters, d1 5 seconds, 16 
scans, δ 0.002 seconds. To determine the diffusion coefficient for the solvent a ∆ value of 0.0085 
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seconds was used, to determine the diffusion coefficient for all of the other peaks a second 
DOSY experiment using a ∆ value of 0.054 seconds was performed. Data were processed using 
Equation 4.8 by plotting ln(I/Io) vs G
2
. I is the intensity of the peak, D is the diffusion coefficient, 
γ is the gyromagnetic ratio, δ is the gradient duration, ∆ is diffusion delay, G is the gradient 
strength. 
Equation 4.8 How peak intensity changes for a DOSY experiment 
𝑙𝑛 (
𝐼
𝐼𝑜
) =  −𝐷𝛾2𝛿2 (∆ −
𝛿
3
) 𝐺2 
 
Figure 4.12 Control DOSY for Table 4.2 Entry 7 looking at the main PE peak (1.271 ppm) 
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Figure 4.13 (CD2Cl2, 500 MHz) {
1
H-
1
H} gCOSY at -70 °C of the reaction of Co-Et with 
HSi(OEt)3 No new cross peaks are observed in the agostic hydrogen region (-11 to -18 ppm) 
showing that the Co-Si(O-CH2-CH3)3 species is not observed 
 
 
Figure 4.14 (CD2Cl2, 600 MHz) {
1
H-
29
Si} gHMBC at -70 °C of the reaction of Co-Et with 
HSi(OEt)3 No new cross peaks are observed in the agostic hydrogen region (-11 to -18 ppm) 
showing that the Co-Si(O-CH2-CH3)3 species is not observed 
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Chapter 5 Kinetic and Mechanistic Studies of Grubbs Catalyzed 
Ring Opening Metathesis Polymerization of Norbornenes 
 
5-1 Introduction 
Ring Opening Metathesis Polymerization (ROMP) is one of the most commonly used 
techniques to perform controlled polymerizations i.e. living, sequence control, architecture 
control.
1–16
  This control is achievable by using the high ring strain norbornene monomer in 
conjunction with the Grubbs family of ruthenium based catalysts. These catalysts display 
superior heteroatom stability compared to other non-ruthenium based metathesis catalysts which 
allows a much wider variety of monomers to be used and additional polymerization techniques to 
be paired with ROMP.
17–23
 
As a sound understanding of the rate law and mechanism is important for the 
development of a catalyst system, metathesis reactions using the Grubbs catalyst family have 
been studied extensively, though most of the rate and mechanistic studies were performed using 
the 1
st
 and 2
nd
 generation of Grubbs catalysts (G1 and G2 shown in Chart 5.1).
24–45
 However, as 
initiation of G2 via phosphine dissociation, is significantly slower than the rate of propagation a 
better catalyst was needed. By replacing the phosphine ligand with a pyridine this led to the 3
rd
 
generation of catalyst (G3) which initiates over 10,000 times faster than G2, which allows all of 
the catalyst to initiate simultaneously.
46–48
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Chart 5.1 Grubbs family of catalysts 
 
While the new G3 catalyst is significantly better at initiation, one aspect that was 
overlooked was the rate law for this catalyst. For G2 investigations into the kinetics had been 
made which showed that the G2 rate law is simple when phosphine is added to the system but 
becomes complex when no phosphine is added, however the rate law for G3 was never 
investigated.
39
 Another aspect of G3 catalyzed ROMP of norbornene that is not known is the 
effect of the polymer chelating to the catalyst. Chelation has been observed via 
1
H NMR with G1 
using ester and ether containing monomers, and has been used to explain the differences in 
reactivity between different ester containing monomers.
49,50
 While ester chelation has not been 
shown for G3, based on DFT calculations chelation has been proposed to be the reason why the 
endo isomer is slower than the exo isomer for ester containing norbornene monomers.
13
 While 
much work has been devoted to studying the G2 system the rate determining step (RDS) was 
never determined, and since G2 and G3 form the same active catalyst that means the RDS was 
never determined for G3. This chapter focuses on addressing the lack of knowledge about the G3 
system in these areas by determining the rate law, the effect of chelation and the rate determining 
step. 
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5-2 Determination of the Rate Law 
The catalysts discussed are shown in Chart 5.2 G3 refers to a family of catalysts that have 
a pyridine like ligand coordinated to it. In this work this ligand can be pyridine or 3-
bromopyridine, additionally there can be one or two of those pyridines attached to the metal. To 
differentiate between catalysts, G3-H will refer to the pyridine species (1 or 2 ligands attached) 
while G3-Br will refer to the 3-bromopyridine species (1 or 2 ligands attached). To indicate 
whether 1 or 2 ligand species are attached the suffixes –Mono and –Di will be attached, if the 
suffix is not indicated that means it is referring to a potential mixture of the two species. 
Chart 5.2 Catalysts used for ROMP 
 
For G2 the commonly accepted rate law is shown in Equation 5.1 when excess phosphine 
ligand is added to the system. When no extra phosphine is added the rate of polymerization 
becomes more complicated due to the slowly initiating nature of the catalyst.
39
 The general 
format for the rate law that was assumed for G3 is shown in Equation 5.2 
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Equation 5.1 Rate law for G2 in presence of excess phosphine 
𝑅𝑝 = 𝑘𝑝
𝑎𝑝𝑝 [𝑅𝑢]𝑜[𝑚𝑜𝑛𝑜𝑚𝑒𝑟]
[𝑃𝑅3]
 
Equation 5.2 Assumed rate law for G3 
𝑅𝑝 = 𝑘𝑝
𝑎𝑝𝑝[𝑅𝑢]𝑜[𝑚𝑜𝑛𝑜𝑚𝑒𝑟] 
The initial investigation into the G3 system started with the observation that the rate of 
polymerization of M1-XX, shown in Chart 5.3, with G3-H in CH2Cl2 did not vary when the 
catalyst concentration was changed as shown in Table 5.1
51
  
Chart 5.3 Monomer used in rate law determination 
 
 
Table 5.1 Polymerization of M1-XX at different [M1-XX]/[G3-H] ratios at constant monomer 
concentration in absence of any additional pyridine
51
 
entry DP [G3-H] 
(mM) 
Mn 
(theor) 
Mn 
(exp) 
Ɖ kobs 
1 50 1.00 12,400 14,500 1.05 1.17 
2 100 0.500 24,700 26,100 1.04 1.19 
3 200 0.250 49,400 48,900 1.07 1.20 
4 400 0.125 98,900 70,200 1.15 1.17 
 
Additionally the molecular weight of the polymers produced match closely with the 
expected values (based on monomer loading) and the dispersities of the polymers remain low; 
this indicates that the reaction is living and that none of the catalyst decomposed. Based on this 
evidence it suggests that the reaction is zero order in catalyst for the G3-H system, which is 
inconsistent with the rate law determined for G2 (Equation 5.1). While ROMP of norbornene has 
been shown to be zero order before, this was with respect to monomer due to the intramolecular 
RDS of the titanocyclobutane specie, while the reaction remains first order in catalyst.
52
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Additionally it seems unlikely that a homogenous catalyst would be zero order, and this 
disagrees with all of the previous work for the Grubbs catalyst systems.  
Because the literature rate law for the G3 system was based on G2 and not on the G3 
system itself, this work is focused on determining the experimental rate law for G3-H. By 
monitoring the rate of polymerization of M1-XX with varying loadings of G3-H and pyridine 
the reaction was determined to be 1
st
 order in monomer, zero order in catalyst (when no extra 
pyridine is added), 1
st
 order in catalyst (when extra pyridine is added) and inverse 1
st
 order in 
pyridine as shown in Figure 5.1
51
  
 
Figure 5.1 ROMP of M1-XX catalyzed by G3-H a) Plot of ln([M]/[M]o) versus time with 50 equiv. 
pyridine at constant monomer concentration b) Plot of ln(kobs) versus ln ([G3-H]) at constant monomer 
concentration with 50 equiv. pyridine c) Plot of ln(kobs) versus ln[pyridine] at constant monomer and G3-
H concentration. Red dot corresponds to the rate of G3-H in absence of extra pyridine
51
 
Based on this the rate law in absence of pyridine is shown in Equation 5.3 and in 
presence of extra pyridine is shown in Equation 5.4 The rate law in presence of extra pyridine is 
what one would expect given this system and is consistent with the rate law of G2 in the 
presence of extra phosphine Equation 5.1 However, the rate law in absence of extra pyridine 
does not initially make sense in that the reaction is zero order in catalyst but becomes 1
st
 order in 
catalyst upon addition of pyridine. 
Equation 5.3 Rate law for G3-H in absence of extra added pyridine 
𝑅𝑝 = 𝑘𝑝
𝑎𝑝𝑝[𝑚𝑜𝑛𝑜𝑚𝑒𝑟] 
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Equation 5.4 Rate law for G3-H in presence of excess pyridine 
𝑅𝑝 = 𝑘𝑝
𝑎𝑝𝑝 [𝑅𝑢]𝑜[𝑚𝑜𝑛𝑜𝑚𝑒𝑟]
[𝑝𝑦𝑟]
 
The first clue to solving this can be found in the 
1
H NMR of G3-H itself. For G3-H there 
are two pyridines attached to the ruthenium center each in their own environment which gives 
rise to two chemically distinct hydrogens at the ortho, meta and para positions. However, in 
Figure 5.2 one set of signals (indicated in the dashed boxes) matches the ortho, meta and para 
positions of free pyridine. 
 
This brings up the interesting possibility that while G3-H has 2 pyridines coordinated to 
the Ru in the solid state
53
 (G3-H-Di), that in solution only 1 of them might be attached to the 
catalyst itself (G3-H-Mono) while the other one is free in solution. The existence of the mono 
pyridine species is not unprecedented, as when the chlorides of G3-H-Di are replaced with 
iodide the equivalent iodo G3-H-Mono species is obtained.
48
 This would explain the rate law 
Figure 5.2 
1
H NMR of G3-H and pyridine (500 MHz, CD2Cl2) 
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behavior observed for G3-H as when no extra pyridine is added, for every equivalent of catalyst 
there would be an equivalent of free pyridine causing the [Ru]o and [pyr] terms in Equation 5.4 
to cancel out and simplify to Equation 5.3 giving an apparent zero order in catalyst. But in the 
presence of extra pyridine the two terms are no longer equal, making the reaction 1
st
 order in 
catalyst. 
While this theory is consistent with the observed rate law and the 
1
H NMR of G3-H, the 
chemical shift of one of the pyridines being consistent with free pyridine is not proof that G3-H-
Mono exists in solution. It is possible that the pyridine is actually attached and just so happens to 
have the exact same chemical shift as free pyridine. To definitively prove that G3-H-Mono 
exists in solution 
1
H DOSY NMR was used to measure the diffusion coefficient of G3-H as seen 
in Figure 5.3 
 
 
Artifacts due to overlapping signals 
Gray box are signals 
from degraded 
catalyst 
a c 
b 
a c b 
b c a b b 
Artifacts due to overlapping signals 
Fast 
Slow 
Figure 5.3 DOSY of G3-H zoomed into the aromatic region 
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In Figure 5.3 there are three bands of signals corresponding to three different diffusion 
coefficients. The orange band corresponds to the signals belonging to the NHC ligand which is 
attached to the catalyst; this being the largest species means it has the smallest diffusion 
coefficient. The blue band corresponds to the signals belonging to the pyridine that is consistent 
with free pyridine. As can be seen it has the largest diffusion coefficient and is significantly 
faster than the catalyst (based on NHC) itself. This shows that G3-H-Mono does exist in solution 
as it would release one pyridine into solution, and since free pyridine is smaller than the catalyst 
it will have a larger diffusion coefficient than the catalyst. If the catalyst was all G3-H-Di then 
only a single band of signals should be observed. The diffusion coefficient of the green band was 
initially unexpected as this corresponds to the signals belonging to the bound pyridine, and 
should have the same diffusion coefficient as the NHC orange band. However, ligand exchange 
does occur for G3-H between the bound and free pyridines and due to the relatively long 
acquisition times of the 
1
H DOSY experiment compared to a normal 
1
H, this means that pyridine 
exchanges on the time scale of the experiment. This results in the diffusion coefficient of the 
bound pyridine to be a partial average of the bound and unbound states, which is why its 
diffusion coefficient is larger than the NHC, which does not come off. The corresponding 
1
H 
DOSY of G3-Br shown in Figure 5.4 is similar in that the free 3-bromopyridine diffuses faster 
than the NHC ligand.
51
 However, both the bound and unbound 3-bromopyridines are diffusing at 
the same rate. This means that the ligands are exchanging faster than the 
1
H DOSY time scale 
even though the bound and unbound 3-bromopyridine peaks remain separate in the 
1
H NMR. 
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While the 
1
H DOSY experiment was able to show that G3-H-Mono exists, it can’t 
determine what percentage of the catalyst is in that state. In order to determine that low 
temperature 
1
H NMR was used to determine the equilibrium constant Keq-Di-Mono between G3-H-
Di and G3-H-Mono shown in Scheme 5.1.  
Scheme 5.1 Equilibrium between G3-H-Di and G3-H-Mono 
 
While G3-H contains G3-H-Mono at room temperature, based on the free pyridine 
signal and 
1
H DOSY, when G3-H is cooled to –88 °C there is no free pyridine signal. This can 
be seen Figure 5.5 where the red spectrum corresponds to G3-H and the blue spectrum is the 
same sample but spiked with 2 equivalents of free pyridine. As the spiked sample displays new 
CH
2
Cl
2
 
H
2
O 
Bromo-pyridine 
Figure 5.4 DOSY of G3-Br at room temperature 
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signals, that means that the original sample contained no free pyridine and thus has to be 
completely G3-H-Di. 
 
Figure 5.5 Stacked 
1
H NMR spectra of G3-H and G3-H + 2 equiv of pyridine in CD2Cl2 at -88 °C 
  
At these low temperatures G3-H-Di and G3-H-Mono have different chemical shifts for 
the alkylidene proton Figure 5.6 This can be used to determine the equilibrium between the two 
species, however, when the two are mixed the signals coalesce above -61 °C as seen in Figure 
5.6 While each individual species can no longer be integrated, the relative proportions of each 
species, and thus the Keq-Di-Mono can still be determined as the observed chemical shift of the 
alkylidene proton will be a weighted average of the two species. In order to determine this, the 
chemical shift of each pure species must be known. This is quite simple for G3-H-Mono as 
shown in Figure 5.7 as the blue dots, as it is unaffected by the equilibrium between the two 
species. However, for G3-H-Di the alkylidene chemical shift, as the grey dots, could only be 
measured for a few points at low temperatures as at the higher temperatures G3-H-Mono starts 
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to be formed which causes the chemical shift to deviate. The higher temperature values of G3-H-
Di are extrapolated using a linear fit from the low temperature values. 
 
Figure 5.7 Plot of alkylidene peak chemical shift against temperature 
As the chemical shift of each pure species has been determined at multiple temperatures 
the equilibrium constant at each temperature was able to be determined. Using those values in a 
Van’t Hoff plot (Figure 5.8) the equilibrium constant Keq-Di-Mono was extrapolated at room 
y = 0.0026x + 19.067 
R² = 0.9998 
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R² = 0.9943 
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Figure 5.6 Plot of G3-H alkylidene chemical shift against temperature. G3-H-Di is the peak on the left, 
while G3-H-Mono is the peak on the right 
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temperature to be 0.13 (Going from G3-H-Di to G3-H-Mono) 
 
Figure 5.8 Van’t Hoff plot (plot of ln(Keq) against 1/kelvin) for G3-H-Di to G3-H-Mono 
Repeating the experiment, but with 2 equivalents of free pyridine added to the G3-H-Di sample, 
shifts the temperature range that the catalyst is completely G3-H-Di, as seen in Figure 5.9, and 
gives a very similar value for Keq-Di-Mono of 0.16 
 
Figure 5.9 Plot of alkylidene peak chemical shift against temperature 
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Using the 0.16 value the amount of G3-H that will be in the G3-H-Mono state was 
calculated to be >99% under typical polymerization conditions ([G3]=0.001 mol/L). This 
confirms the initial hypothesis that effectively all of the catalyst is in the mono state, meaning 
that the [Ru]o and [pyr] terms in Equation 5.4 are equal and cancel out to give an apparent zero 
order in catalyst. The high percentage of the catalyst that is G3-H-Mono in solution brings up 
the interesting question of why the synthesis of the catalyst forms G3-H-Di. The synthesis of G3 
involves dissolving G2 into liquid pyridine and then crashing out the catalyst using hexanes. As 
the reaction is done in neat pyridine the catalyst is roughly 99% G3-H-Di based on the 
equilibrium constant determined.  
 
5-3 Investigation of the Active Catalyst 
After determining the solution structure of the resting state for G3 the next step was to 
study the nature of the active catalyst itself. As the initiators G2 and G3 result in the same active 
catalyst the previously established reaction mechanism from G2 initiated ROMP was used to 
draw the mechanism for G3-initiated ROMP as shown in Scheme 5.2
54,55
 In the mechanism 
drawn there is no pyridine coordinated to the ruthenium whenever the monomer is attached, 
however, G3-Br is faster than G3-H. This difference in rate could be due to pyridine 
coordination strengths thus affecting the ability of the monomer to coordinate, and/or the 
pyridine could come back and coordinate at the open coordination site on the ruthenium. This 
coordinated pyridine would affect the rate of Ru-cyclobutane ring formation and collapse, with 
the differing electronics of pyridine and 3-bromopyridine giving rise to the difference in rates. 
To differentiate between these two possibilities one can study the relative rates of 
polymerization between G3-Br and G3-H and the relative coordination strengths between 
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Scheme 5.2 Proposed mechanism for ROMP of norbornene (ligands omitted for clarity) 
 
3-bromopyridine and pyridine. Given the mechanism in Scheme 5.2 and assuming that formation 
of the Ru-cyclobutane (k2) is rate determining the theoretical rate law for ROMP is given in 
Equation 5.5 where (x) stands for whether the pyridine (H) or 3-bromopyridine (Br) version is 
used, and the reaction for the equilibrium constant Keq
(x)
 is shown in Scheme 5.3 
Scheme 5.3 Equilibrium between G3-Mono and active monomer coordinated species 
 
As the polymerization is 1
st
 order in monomer a kobs
(x)
 can be measured for each reaction 
as defined in Equation 5.6 By dividing the kobs for the polymerization catalyzed by the 3-
bromopyridine catalyst by the pyridine version of the catalyst, this results in Equation 5.7 By 
performing a polymerization with G3-H flooded in pyridine and performing a 2
nd
 polymerization 
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using G3-Br with the same amount of 3-bromopyridine this cancels out the [Ru]o and [pyr] 
terms in Equation 5.7 to give Equation 5.8 of which the ratio of Keq
(Br)
/Keq
(H)
 is equal to the 
equilibrium constant Kpyr whose reaction is represented in Scheme 5.4 
Equation 5.5 Theoretical rate law for G3 
𝑅𝑝
(𝑥) =
𝑘2
(𝑥)[𝑅𝑢(𝑥)]
𝑜
1 + [𝑝𝑦𝑟(𝑥)] 𝐾𝑒𝑞
(𝑥)[𝑚𝑜𝑛𝑜𝑚𝑒𝑟]⁄
≈
𝑘2
(𝑥)𝐾𝑒𝑞
(𝑥)[𝑅𝑢(𝑥)]
𝑜
[𝑚𝑜𝑛𝑜𝑚𝑒𝑟]
[𝑝𝑦𝑟(𝑥)]
 
Equation 5.6 Definition of kobs
(x)
 
𝑘𝑜𝑏𝑠
(𝑥) =
𝑘2
(𝑥)𝐾𝑒𝑞
(𝑥)[𝑅𝑢(𝑥)]
𝑜
[𝑝𝑦𝑟(𝑥)]
 
Equation 5.7 Relative rates of polymerization between G3-Br and G3-H 
𝑘𝑜𝑏𝑠
(𝐵𝑟)
𝑘𝑜𝑏𝑠
(𝐻)
=
𝑘2
(𝐵𝑟)𝐾𝑒𝑞
(𝐵𝑟)[𝑅𝑢(𝐵𝑟)]
𝑜
[𝑝𝑦𝑟(𝐻)]
𝑘2
(𝐻)𝐾𝑒𝑞
(𝐻)[𝑅𝑢(𝐻)]𝑜[𝑝𝑦𝑟
(𝐵𝑟)]
 
Equation 5.8 Relative rates of polymerization between G3-Br and G3-H at the same concentrations of 
catalyst and pyridine loadings 
𝑘𝑜𝑏𝑠
(𝐵𝑟)
𝑘𝑜𝑏𝑠
(𝐻)
=
𝑘2
(𝐵𝑟)𝐾𝑒𝑞
(𝐵𝑟)
𝑘2
(𝐻)𝐾𝑒𝑞
(𝐻)
= 𝐾𝑝𝑦𝑟
𝑘2
(𝐵𝑟)
𝑘2
(𝐻)
 
Scheme 5.4 Equilibrium between G3-Br-Mono and G3-H-Mono 
 
From Equation 5.8 if the ratio of the kobs matches the Kpyr equilibrium constant then the 
rate constants of polymerization (k2) are the same and thus the differences in rates observed 
between G3-Br and G3-H are due solely to the differences in coordination strengths of pyridine 
and 3-bromopyridine. If the two values do not match, then this suggests that the propagating 
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species is not the same between each version. By polymerizing M1-XX using G3-Br with 50 
equivalents of 3-bromopyridine and the corresponding reaction using G3-H with 50 equivalents 
of pyridine, G3-Br was measured to polymerize 4.8 times faster than G3-H.
51
 As G3-Br and 
G3-H have different 
1
H chemical shifts for the alkylidene proton this allowed the determination 
of the equilibrium constant Kpyr to be 4.8 This means that pyridine binds 4.8 times more strongly 
than 3-bromopyridine, which is why G3-H is 4.8 times slower than G3-Br. This result is 
consistent with the active catalyst containing no pyridine, even though pyridine is involved in the 
pre-equilibrium step. 
 
5-4 Ester Chelation 
Continuing the investigation of the structure of G3 during ROMP, another aspect that is 
not well understood is the effect of polymer chelation. For ester containing monomers such as 
M2 , shown in Chart 5.4, it has been proposed that once polymerized the ester can wrap back 
around and coordinate to the Ru as depicted in Scheme 5.5
13,56
 
Chart 5.4 List of monomers used to study chelation 
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Scheme 5.5 Thermodynamic equilibria between ester, monomer, and pyridine coordination to the 
ruthenium center 
 
 
This chelation would then slow down the addition of the next monomer, potentially 
explaining the differences in rates between different monomers. Ester coordination has been 
observed via 
1
H NMR using M2 with G1.
49
 However, DFT calculations and kinetic 
measurements in the presence of chelate-opening agents did not support ester coordination as the 
reason for the rate differences for structurally similar monomers catalyzed by G3.
57
 In another 
report, DFT calculations suggest that within one monomer set (M2) the endo polymer ester 
coordinates more strongly than the exo polymer ester, and thus is responsible in part for the 
exo/endo rate difference.
13
 For norbornene monomers the endo form is always slower than the 
exo form even when there is no possibility for chelation, though it is possible that the endo form 
chelates more strongly than the exo form. As the studies that investigated G3 chelation on the 
rate of polymerization used DFT as their primary technique, this work will be investigating 
chelation experimentally. 
Initially chelation was investigated spectroscopically; if the ester coordinates to the Ru 
then electron donation from the metal into the carbonyl should weaken the bond and cause a 
decrease in the IR stretching frequency. Two equivalents of M3-DD were reacted with one 
equivalent of G3-H-Mono at room temperature and the crude mixture was analyzed by FTIR. 
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No new carbonyl in the IR consistent with a chelated structure was observed with M3-DD. The 
same experiment with M2-DD, however, resulted in a new lower energy IR band at 1691 cm
-1
 
compared to that of the polymer at 1733 cm
-1
, which is consistent with ester chelation (Figure 
5.10). This chelate was also observed for the other isomer M2-XX. 
 
Figure 5.10 Overlaid IR spectrum for the monomer (blue), polymer (red) and chelate (green) for M2-DD 
(left) and M2-XX (right) 
Looking at the experiment with M2-DD the intensity of the 1691 cm
-1
 chelate band could 
be diminished upon addition of excess pyridine or completely suppressed upon addition of a 
stronger ligand (4-(dimethylamino)pyridine), which supports the conclusion that the new signal 
at 1691 cm
-1
 is the chelated complex (Figure 5.11). 
 
Figure 5.11 IR of M2-DD with G3-Mono and then 1 equivalent of DMAP 
M2-DD M2-XX 
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While M2 and M3 are structurally very similar, only M2 resulted in a coordinated ester; 
this is most likely due to the more stable ring size of the chelate for M2 (6 member for M2 and 8 
member for M3). In this work 
1
H NMR was not used to study the G3-H M2 and M3 system as 
rapid exchange between the chelate and pyridine complex would give an average signal in the 
NMR. Cooling the sample to decoalesce the peaks is complicated by the formation of multiple 
additional species, monopyridine complex, dipyridine complex, chelate complex and chelate 
complex with pyridine attached. Additionally the low temperature disfavors chelation formation 
as the reaction is entropy driven. For these reasons IR spectroscopy was used to analyze 
chelation as the high energy nature of this technique is not susceptible to coalescence of peaks 
due to ligand exchange. 
Evidence supporting chelate formation means that the rate law for the polymerization of M2 
needs to be reconsidered as ester coordination should compete with monomer (and pyridine) 
coordination and thus slow down the rate (Scheme 5.5). Taking that into consideration, a new 
rate law was derived under pre-equilibrium conditions with k2 as the RDS as shown in Equation 
5.9 
Equation 5.9 Theoretical rate law for Scheme 5.5 with k2 from Scheme 5.2 as the RDS 
𝑅𝑎𝑡𝑒 =  
𝑘2[𝑅𝑢]𝑜
(1 +
[𝑃𝑦𝑟]
𝐾𝑒𝑞1[𝑚𝑜𝑛𝑜𝑚𝑒𝑟]
+
1
𝐾𝑒𝑞2[𝑚𝑜𝑛𝑜𝑚𝑒𝑟]
)
 ≈    
𝑘2[𝑅𝑢]𝑜[𝑚𝑜𝑛𝑜𝑚𝑒𝑟]
(
[𝑃𝑦𝑟]
𝐾𝑒𝑞1
+
1
𝐾𝑒𝑞2
)
     
In Equation 5.9 the ester coordination term is additive to that of pyridine coordination, this 
means that if ester coordination is non-negligible the observed pyridine order of the reaction 
should be less than 1. M3-DD was determined experimentally to be inverse 1
st
 order in pyridine, 
shown in Figure 5.12 suggesting that any ester coordination is negligible under pre-equilibrium 
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conditions. This is consistent with the fact that no chelate was detected by IR spectroscopy for 
this monomer. 
 
Figure 5.12 Polymerization of M3-DD by G3-H lot of ln (kobs) versus ln([pyridine]) 
 
For M2-DD the polymerization was measured to be inverse 0.29 order in pyridine (Figure 5.13a) 
suggesting that ester chelation competes with monomer and pyridine for the coordination site 
which again is consistent with the chelate observed by IR spectroscopy. 
 
Figure 5.13 (a) M2-DD Plot of ln(kobs) versus ln([pyridine]) at constant Ru loading. (b) M2-DD Plot of 
ln(kobs) versus ln([Ru]) without added pyridine. (c) M2-DD Plot of ln(kobs) versus ln([Ru]) flooded in 
pyridine 
In absence of extra pyridine, the polymerization of M2-DD was measured to be 0.66 order in 
ruthenium (Figure 5.13b), which is consistent with G3-H releasing 1 equivalent of pyridine into 
solution and ester coordination. The polymerization becomes 1
st
 order in ruthenium when excess 
pyridine is added to the reaction mixture (Figure 5.13c). 
c) b) a) 
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The binding strength of the chelating ester for M2 can be determined by studying the rate 
of polymerization as a function of pyridine concentration. By rearranging Equation 5.9 a linear 
relationship between 1/kobs and [Pyr] is obtained as shown in Equation 5.10 The ratio between 
the slope and y-intercept of Equation 5.10 is given in Equation 5.11 and corresponds to the 
binding strength of pyridine relative to the chelate as shown in Scheme 5.5 For M2-DD pyridine 
coordination was measured to be 527 times stronger than ester coordination (Figure 5.14a), but 
because of the low concentration of pyridine in solution the majority of the catalyst shifts to the 
ester bound state. In comparison, for M2-XX, pyridine coordination was measured to be 1326 
times stronger than ester coordination (Figure 5.14b). Overall this means that the endo polymer 
ester chelates ca. 2.5 times more strongly than the exo isomer, which establishes that ester 
coordination contributes to the differences in rates between the endo and exo isomers for M2. 
Equation 5.10 Rearrangement of Equation 5.9 
𝑘𝑜𝑏𝑠 ≈
𝑘2[𝑅𝑢]𝑜
(
[𝑃𝑦𝑟]
𝐾𝑒𝑞1
+
1
𝐾𝑒𝑞2
)
              
1
𝑘𝑜𝑏𝑠
≈
[𝑃𝑦𝑟]
𝐾𝑒𝑞1𝑘2[𝑅𝑢]𝑜
+
1
𝐾𝑒𝑞2𝑘2[𝑅𝑢]𝑜
 
Equation 5.11 Pyridine binding strength relative to chelate, using slope and intercept from Equation 5.10 
𝑆𝑙𝑜𝑝𝑒
𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
≈
𝐾𝑒𝑞2
𝐾𝑒𝑞1
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Figure 5.14 Plot of 1/kobs versus [pyridine] for M2-DD (a) and for M2-XX (b) 
 
While polymer ester coordination has been shown to contribute to the differences in rates 
between the exo and endo monomers for M2 it is possible that the incoming monomer (monomer 
control) also contributes to the difference as well. The extent of monomer control can be 
determined by studying the difference in rate of initiation of G3-H with the pure exo and endo 
isomers, as initiation has no polymer control contribution as shown in Scheme 5.6 By comparing 
the rates of polymerization for each pure monomer to the rate of initiation, the extent of polymer 
and monomer control contributions to the exo/endo rate difference can be determined. 
Scheme 5.6 Representation of how ester chelation affects the rate of polymerization, but not 
catalyst initiation 
 
As seen in Table 5.2 the rate of initiation using the M3-XX monomer is 4.7 times faster 
than that with M3-DD, which shows that the stereochemistry of the incoming monomer is a 
major contributor to the exo/endo rate difference. M3-XX was then measured to polymerize 5.2 
times faster than M3-DD; the agreement between the initiation and polymerization values 
a)                                                         b) 
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suggests that the differences in rate for polymerization between exo and endo for M3 is primarily 
due to the incoming monomer (monomer control), which is consistent with the absence of 
chelate formation. 
Table 5.2 Relative rates of initiation and polymerization for ROMP of M2 and M3 
Monomer Initiation Polymerization 
M2-XX vs. M2-DD 4.1 10.2 
M3-XX vs. M3-DD 4.7 5.2 
M2-XX vs. M3-XX 1.6 NA 
M2-DD vs. M3-DD 1.9 NA 
M2-XX was determined to initiate 4.1 times faster than M2-DD, while it polymerizes 
10.2 times faster. This is consistent with both monomer and polymer control contributing to the 
rate difference between exo and endo for M2, which again is consistent with the formation of an 
ester chelate. Comparing between monomer types, both M2-XX and M2-DD initiate faster than 
their M3 counterparts, which suggests that the substituent groups coming off the norbornene also 
affect the reactivity of the monomer. 
 
5-5 Determining the Rate Determining Step 
Having gained insight into the nature of the resting state for G3, the effects of chelation 
and the nature of the propagating species, the last aspect of G3 catalyzed ROMP to be 
investigated is the RDS of the reaction. While G2 has been studied extensively, the RDS was 
never determined and as G2 and G3 form the same active catalyst that means the RDS is not 
known for G3 either. Given the mechanism in Scheme 5.2 there are three possible steps that 
could be the RDS. The first step in the mechanism is coordination of the monomer, which can 
occur via an associative pathway (k1a) or a dissociative pathway (k1b, k1c) involving a pyridine 
free Ru 14-electron complex.
58
 If pyridine dissociation is the RDS, then the reaction rate would 
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be zero order in monomer. This possibility is easily discounted as G3-initiated ROMP is well 
known to be first order in monomer both in the literature and in this work.
57,59–61
 Monomer 
coordination however, could still be the RDS through an associative or dissociative pathway. 
The 2
nd
 step of the catalytic cycle is formation of the metallacyclobutane ring (k2) followed by its 
collapse (k3), and ultimately in coordination of pyridine. In summary, the RDS of ROMP can be 
monomer coordination, metallacyclobutane formation or metallacyclobutane collapse. 
To determine the RDS a series of 
12
C/
13
C and 
1
H/
2
H kinetic isotope studies were 
performed focusing on the olefin double bond of the monomers M2-DD and M3-DD. The 
12
C/
13
C KIE study will indicate whether the RDS involves the breakage of a carbon-carbon bond 
(metallacyclobutane formation or collapse) which will have a KIE >1, or if the RDS does not 
involve the breaking of a carbon-carbon bond (monomer coordination) which will have a KIE = 
1. The 
1
H/
2
H KIE study will differentiate between metallacyclobutane formation and collapse. 
Indeed, the olefin in metallacyclobutane formation undergoes a sp
2
 to sp
3
 hybridization change 
which will have a KIE <1, while metallacyclobutane collapse undergoes a sp
3
 to sp
2
 
hybridization change which will have a KIE >1. The theoretical KIE values depending on which 
step is rate determining are summarized in Table 5.3 
Table 5.3 Predicted KIE values for each proposed RDS 
Proposed RDS 
12
C/
13
C 
1
H/
2
H 
Monomer coordination 1 1 
Metallacyclobutane formation >1 <1 
Metallacyclobutane collapse >1 >1 
 
 
 
The 
12
C/
13
C KIE was determined using the natural abundance enrichment KIE technique 
developed by Singleton and Thomas as it allows for the determination of small KIEs without the 
need to isotopically label the starting material.
62
 This technique consists of performing the 
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reaction to high conversion and isolating the residual substrate for isotope analysis. This 
operation requires the use of large amounts of substrate in order to isolate sufficient quantities of 
unreacted reagent for analysis. Using M3-DD, a 5g scale polymerization (18mg G3-H) was 
performed to 98.5% conversion. The unreacted monomer was isolated by precipitating the 
polymer and was purified via preparative thin layer chromatography. As the enrichment of the 
13
C content is expected to be small three independent quantification methods (
13
C NMR, 
1
H 
NMR and isotope mass spectrometry) were used to determine the change in the 
13
C content. 
From 
13
C NMR a 3.3% enrichment was measured in the 
13
C content at the C=C position which 
corresponds to a 
12
C/
13
C KIE of 1.0077 (±0.001). From 
1
H NMR, by comparing the olefin peak 
and its 
13
C satellites, a 3.5% enrichment was measured in the 
13
C content which corresponds to a 
12
C/
13
C KIE of 1.008 (±0.004). Finally isotope mass spectrometry was used by burning the 
sample to measure the relative amounts of 
13
CO2/
12
CO2 in the combustion product to show that 
there is a 4.6% enrichment of the 
13
C content at the olefin position, which corresponds to a 
12
C/
13
C KIE of 1.01097 (±0.00013). The 
12
C/
13
C KIE data from each measurement technique 
agree that ROMP has a 
12
C/
13
C KIE for the olefinic carbon greater than 1, which rules out 
monomer coordination as the RDS. The 
12
C/
13
C KIE study was repeated with another monomer 
M2-DD, and an enrichment in 
13
C of 3.9% was measured via 
13
C NMR which corresponds to a 
12
C/
13
C KIE of 1.012 (±0.015). These results suggest that the olefinic carbon–carbon bond is 
breaking during the rate determining step (metallacyclobutane formation or metallacyclobutane 
collapse).   
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Figure 5.15 Partially deuterated M3-DD 
To differentiate between metallacyclobutane formation and metallacyclobutane collapse, 
a 
1
H/
2
H kinetic isotope effect study was performed. A partially deuterated M3-DD was 
synthesized and is 75% deuterated at each of the four positions indicated in Figure 5.15 Using 
this deuterated monomer a 3g scale polymerization (11.3mg of G3-H) was performed to 98.3% 
conversion. The residual monomer was isolated, purified by preparative thin layer 
chromatography, and analyzed by 
1
H NMR. An enrichment in 
1
H of 15.6% was measured at the 
olefinic protons (position a) which corresponds to a 
1
H/
2
H KIE of 0.965 (±0.001). A 
1
H/
2
H KIE 
of 0.9987 (±0.0005) was observed at the bridgehead (position b) which is consistent with there 
being no reaction at that position. Since the olefinic position has a 
1
H/
2
H KIE that is less than 1 
and a 
12
C/
13
C KIE that is greater than 1, that means that only metallacyclobutane formation (step 
2) is consistent with being the RDS (Scheme 5.2). 
A 
1
H/
2
H KIE of 0.953 (±0.002) was also observed at the methylene bridge at “position 
d2” and a 1H/2H KIE of 0.965 (±0.001) at “position d1”. Since these two positions are not 
undergoing a sp
2
 to sp
3
 hybridization change one would not initially expect an inverse KIE for 
these positions. It’s possible that the inverse KIE at “positions d1 and d2” is due to some type of 
γ hyperconjugation effect.63 
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5-6 Conclusions 
 The solution structure and various mechanistic aspects of G3 catalyzed ROMP of 
norbornenes has been investigated. The equilibrium constant between the G3-H-Di and G3-H-
Mono species was determined, which indicates that >99% of the catalyst is in the G3-H-Mono 
state. This explains the unusual behavior observed in the rate law where the reaction is zero order 
in catalyst without added pyridine and 1
st
 order in catalyst when pyridine is added. The active 
catalyst has been determined to not contain pyridine and pyridine only acts as an inhibitory 
ligand. The existence of polymer chelation has been shown for M2 and its absence for M3. 
Chelation has been shown to contribute to the differences in rates of polymerization between the 
endo and exo isomers of M2, while it makes little to no contribution to M3. The study of G3 
catalyzed ROMP of norbornenes was concluded by determining that the formation of the 
metallacyclobutane ring is the rate determining step of the reaction. 
 
5-7 Experimental 
General methods and materials                                                                                                          
All reactions were performed in oven dried glassware under an argon atmosphere at room 
temperature unless otherwise specified. All solvents were dried using a solvent purification 
system. All commercially obtained reagents were used as received: Ethyl vinyl ether was 
distilled and stored at -30ºC. N-hexyl-exo-norbornene-5,6-dicarboximide (M1-XX, 99.95% exo) 
was synthesized according to literature.1 G3-H and G3-Br were synthesized according to 
literature.6,7 M2-DD and M2-XX were synthesized from cis-5-norbornene-endo-2,3-dicarboxylic 
anhydride and cis-5-norbornene-exo-2,3-dicarboxylic anhydride according to literature 
procedure.13 
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Nuclear Magnetic Resonance (NMR) spectra were recorded on a Varian Unity 500 MHz, 
Bruker AVANCE III 500 MHz, a Varian Unity Inova 600 MHz or a Varian Unity Inova 750 
MHz spectrometer. Spectra are reported in ppm and referenced to the residual solvent signal. Gel 
Permeation Chromatography (GPC) was performed using a Tosoh Ecosec HLC-8320GPC at 40 
ºC fitted with a reference column (6.0 mm ID x 15 cm), a guard column (6.0 mm ID x 4.0 cm x 5 
μm), and two analytical columns (7.8 mm ID x 30 cm x 5 μm). THF (HPLC grade) was used as 
the eluent, and polystyrene standards (15 points ranging from 500 Mw to 8.42 million Mw) were 
used for calibration. ESI mass spectrometry was performed using a Water Q-TOF Ultima ESI 
machine. Infrared spectra were recorded using a Perkin Elmer Spectrum 100 FT-IR 
Spectrometer. Each spectrum is referenced to a CH2Cl2 blank and is acquired using 16 scans. 
Isotope Mass Spectrometry was performed by the Illinois State Geological Survey at the 
University of Illinois at Urbana-Champaign. Front end combustion was done using a Carlo Erba 
NC2500 Elemental Analyzer, the sample gas was analyzed for stable isotopes using a Thermo 
Fisher Scientific Delta V Advantage Isotope Ratio Mass Spectrometer. 
 
Synthesis of M3-DD and M3-XX 
Scheme 5.7 Synthetic route to M3-DD and M3-XX 
 
A 3-neck round bottom flask equipped with a dropping funnel was purged with argon and 
100 ml of dry THF was added to the flask. The reaction vessel was cooled with an ice bath. Solid 
LiAlH4 (3.5 g) was slowly added to the flask while purging with argon. To the dropping funnel 
was added cis-5-norbornene-endo-2,3-dicarboxylic anhydride or cis-5-norbornene-exo-2,3-
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dicarboxylic anhydride (5.1 g) dissolved in dry THF. The norbornene solution was slowly added 
to the reaction pot overtime while maintaining the reaction at 0 °C. The reaction was left to stir 
overnight and then cooled to 0 °C, argon was blown over the reaction while quenching with 
methanol diluted in THF, then H2O, then dilute HCl until the reaction was a neutral pH. The 
reaction was then filtered through filter paper, then celite, of which the celite was washed with 
ethyl acetate. The water phase was extracted with ethyl acetate, dried over sodium sulfate and the 
solvent removed in vacuo to give the norbornene alcohol. The alcohol was then dissolved in dry 
THF (300 ml), cooled to 0 °C and triethyl amine (7 g) and benzoyl chloride (9 g) were added and 
left to stir overnight. The reaction was quenched with water, filtered through filter paper and the 
solvent removed in vacuo. The residue was dissolved in chloroform, washed with aqueous 
Na2CO3, then brine and then water. The organic layer was dried over Na2SO4 and the solvent 
removed in vacuo. The product was purified first by recrystallization in toluene and then by 
column chromatography (mobile phase is initially a 1:1 mixture of DCM:Hexanes and slowly 
transitioning to pure DCM). Product characterization is consistent with literature.
64
 
 
Synthesis of 75% deuterated M3-DD 
 
Scheme 5.8 Synthetic route to 75% deuterated M3-DD 
 
Deuterated cyclopentadiene was prepared according to literature procedure.
65
 The 
deuterated norbornene anhydride was synthesized according to the protio literature procedure.
66
 
The 75% deuterated norbornene anhydride was reduced and esterified using the same procedure 
for M3-DD above. 
1
H NMR is consistent with protio M3-DD but with a 75% reduction in signal 
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at positions originating from the cyclopentadiene. Mass spec (ESI): M+H. Theoretical protio 
363.16, Theoretical with 75% deuteration 368.16, Experimental 368.19 
 
Procedure for ruthenium dependence for M1-XX (not saturated with pyridine) 
To an oven-dried 20 mL glass vial, 5 mL of G3-H or G3-Br (0.00606 mmol, 0.00303 
mmol, 0.00152 mmol, and 0.00076 mmol from freshly prepared stock solutions in CH2Cl2) was 
added. While stirring vigorously, a solution of M1-XX (75.0 mg, 0.303 mmol) in CH2Cl2 (1 mL) 
was added rapidly by syringe to the reaction mixture. At various time point (10, 20, 30, 40, 50, 
60, 80, 120, 200, 360 sec), 50 L aliquots were removed from the reaction mixture and were 
injected into vials containing a solution of ethyl vinyl ether (large excess with respect to [Ru]) in 
CDCl3 to be analyzed by 
1
H NMR spectroscopy. Conversion was calculated via the relative 
integration of the polymer (5.75 ppm) and monomer olefin peak (6.28 ppm), and kobs was 
obtained from the linear regression slope of ln([M]/[Mo]) vs. time. After the last time point, a 
large excess of ethyl vinyl ether was added to the reaction mixture. The mixture was then poured 
into hexane and a centrifuge was used to collect the resulting polymer. The polymer was dried 
under vacuum and then analyzed by GPC. 
 
Procedure for ruthenium dependence for M1-XX (saturated with pyridine) 
A solution of G3-H (0.00121 mmol, 0.00091mmol, 0.00045 mmol, 0.00030 mmol, and 
0.00023 mmol from freshly prepared stock solutions in CD2Cl2) and pyridine (2.16 mg, 0.0273 
mmol) in CD2Cl2 (0.3 mL) was prepared in an NMR tube fitted with a rubber septum. The 
solution was allowed to thermally equilibrate at 25 ºC, before a solution of M1-XX (22.5 mg, 
0.091 mmol) in CD2Cl2 (0.3 mL) was injected into the NMR tube. The reaction kinetics were 
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followed by monitoring the appearance of the polymer (5.75 ppm) and disappearance of 
monomer olefin peak (6.28 ppm) over at least 3 half-lives. Conversion was calculated via the 
relative integration of the polymer and monomer olefin peak, and kobs was obtained from the 
slope of a plot of ln([M]/[M]o) vs. time. 
Table 5.4 Data for ruthenium dependence experiments with G3-H and M1-XX (saturated with pyridine) 
Degree of Polymerization (DP) [Ru]o (mmol/L) kobs (1/min) R
2
 value ln([Ru]o) ln(kobs) 
75 2.022 0.0669 0.9993 -6.204 -2.705 
100 1.516 0.0490 0.9991 -6.491 -3.016 
200 0.7582 0.0250 0.9991 -7.185 -3.689 
300 0.5055 0.0171 0.9986 -7.590 -4.069 
400 0.3791 0.0119 0.9958 -7.878 -4.431 
 
Procedure for pyridine dependence for M1-XX 
A solution of G3-H (0.805 mg, 0.0011 mmol) and pyridine (in equivalents with respect 
to G3-H) in CD2Cl2 (0.3 mL) was prepared in an NMR tube fitted with a rubber septum. The 
solution was allowed to thermally equilibrate at 25 ºC, before a solution of M1-XX (22.2 mg, 
0.091 mmol) in CD2Cl2 (0.3 mL) was injected into the NMR tube. The reaction kinetics were 
followed by monitoring the appearance of the polymer (5.75 ppm) and disappearance of 
monomer olefin peak (6.28 ppm) over at least 3 half-lives. The value of kobs was obtained from 
the slope of a plot of ln([M]/[M]o) vs. time. 
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Table 5.5 Summarized data for pyridine dependence experiment with G3-H and M1-XX 
Equivalent of pyridine 
added 
[py]
a
 
(mol/L) 
kobs 
(1/min) 
R
2
 
value 
ln(py) ln(kobs) 
0 0.001834 1.471 0.9997 -6.301 0.3862 
2 0.004883 0.565 0.9993 -5.322 -0.5702 
3 0.007932 0.392 0.9995 -4.837 -0.9355 
10 0.02000 0.148 0.9994 -3.912 -1.909 
18 0.03537 0.0841 0.9994 -3.342 -2.476 
24 0.04543 0.0628 0.9995 -3.092 -2.768 
32 0.05996 0.0480 0.9994 -2.814 -3.037 
40 0.07449 0.0401 0.9994 -2.597 -3.216 
48 0.08902 0.0302 0.9990 -2.419 -3.500 
68 0.1259 0.0229 0.9987 -2.072 -3.777 
85 0.1569 0.0182 0.9990 -1.852 -4.006 
a[py] = (1 + x equivalent of pyridine added)*[Ru]o 
 
Procedure for DOSY NMR spectroscopy 
DOSY experiments were performed on a Varian Unity Inova 750 MHz spectrometer 
capable of performing Pulsed Field Gradient (PFG) spin-echo diffusion measurements. A 
solution of G3-H (0.028 M) in CD2Cl2 was prepared in an oven dried NMR tube in advance, and 
the solution was thermally stabilized at 25 ºC before data collection. DOSY experiments were 
performed with a stimulated echo sequence with a spectral width of 8223.7 Hz, d1 value of 2 s, 
diffusion gradient length of 2 ms, and diffusion delay of 50.0 ms. (1000 – 17,000, 15 gradients). 
The baselines of all spectra were corrected prior to data processing. The data were processed and 
the diffusion coefficients were extracted by MestReNova software without use of a reference 
compounds. A 
1
H-
1
H COSY spectra was also taken of G3-H to determine which signals 
correlate to each pyridine. The DOSY experiments for G3-Br were performed in an analogous 
manner.  
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Low temperature studies of G3-H 
 
To an oven dried NMR tube was added G3-H (0.031 M) in CD2Cl2. The solution was 
cooled to -88 °C and allowed to thermally stabilize for 5 minutes whereupon a 
1
H NMR 
spectrum was taken (red spectra in Figure 5.5). To confirm that it was all G3-H-Di at low 
temperature, 2 equivalents of pyridine, with respect to ruthenium, was added to the same NMR 
tube of G3-H (blue spectra in Figure 5.5). Additionally, DOSY NMR at low temperature depicts 
that both pyridine signals diffuse at the same rate as the NHC ligand, further supporting the 
formation of G3-H-Di at low temperatures, Figure 5.16 Low temperature DOSY experiments 
were run in a similar manner to those run at room temperature for G3-H above, but using a 
Varian Unity Inova 600 MHz NMR at -69 °C.  
 
 
Figure 5.16 DOSY of G3-H-Di at -69 °C 
 
 
 
CH
2
Cl
2
 
TMS 
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Procedure for determining Keq-Di-Mono between G3-H-Di and G3-H-Mono 
To an oven dried NMR tube was added G3-H (0.031 M) in CD2Cl2. The solution was 
thermally stabilized for 5 minutes whereupon a 1H NMR spectrum was recorded; this was 
performed at various temperatures ranging from -88 °C to +15 °C. It was observed that the 
chemical shift of the alkylidene proton moved with temperature (shown in gray in Figure 5.7). 
Since the coalescence temperature was determined to be -61 °C , the chemical shift of the 
observed alkylidene proton is a weighted average of both G3-H-Di and G3-H-Mono above that 
temperature. Thus the alkylidene proton can be used to determine the fraction of G3-H-Di and 
G3-H-Mono using Equation 5.12 
Equation 5.12 Observed alkylidene chemical shift is weighted average 
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑝𝑝𝑚 = 𝑥 ∗ 𝐌𝐨𝐧𝐨𝑝𝑝𝑚 + 𝑦 ∗ 𝐃𝐢𝑝𝑝𝑚 
Where x is the mole fraction of G3-H-Mono and y is the mole fraction of G3-H-Di. As x + y = 1 
the equation can be rearranged to solve for x shown in Equation 5.13 
Equation 5.13 Determining percent of catalyst in one state based on chemical shift 
𝑥 =
(𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑𝑝𝑝𝑚 − 𝐃𝐢𝑝𝑝𝑚)
(𝐌𝐨𝐧𝐨𝑝𝑝𝑚 − 𝐃𝐢𝑝𝑝𝑚)
 
From this the percent concentrations of G3-H-Di and G3-H-Mono can be determined as well as 
their absolute concentrations using the initial catalyst concentration. However, the chemical 
shifts of both the pure G3-H-Di and G3-H-Mono species changes with temperature. Thus in 
order to accurately determine the equilibrium constant, the chemical shift of the pure species 
must be determined at each temperature. Determination of the chemical shifts for G3-H-Mono 
can be accomplished quite easily as it was independently synthesized and is not susceptible to 
any equilibrium. The chemical shifts for G3-H-Mono are shown in blue in Figure 5.7 and fits 
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well to a linear regression. The determination of the chemical shift for pure G3-H-Di at various 
temperatures is complicated by the equilibrium between the G3-H-Di and G3-H-Mono species. 
However, below the coalescence temperature G3-H-Di and G3-H-Mono will separate into two 
signals in which it is possible to fit a linear regression to the alkylidene signal for G3-H-Di and 
extrapolate the chemical shift to any temperature. Now that the chemical shifts for both species 
are known at each temperature, Equation 5.13 was applied to determine [G3-H-Mono], [G3-H-
Di] and [pyridine] at each temperature, since the production of G3-H-Mono releases an 
equivalent of pyridine. These values were then used to determine Keq-Di-Mono at each temperature 
using Equation 5.14 
Equation 5.14 Calculation of Keq-Di-Mono at each temperature 
𝐾𝑒𝑞−𝐷𝑖−𝑀𝑜𝑛𝑜 =
[𝐃𝐢][𝑝𝑦𝑟𝑖𝑑𝑖𝑛𝑒]
[𝐌𝐨𝐧𝐨]
 
Using these Keq-Di-Mono values over the temperature range of -20 to +15 °C, a Vant Hoff plot was 
constructed (Figure 5.8) to extrapolate Keq-Di-Mono up to room temperature of which it was 
determined to be 0.13. As 2 equivalents of extra pyridine were added to the sample to confirm 
the catalyst was all G3-H-Di at low temperature, the alkylidene chemical shift of this sample was 
measured at various temperatures since the presence of extra pyridine should shift the 
equilibrium to the left (toward the formation of G3-H-Di . As seen in Figure 5.9, the temperature 
range that the catalyst remains as G3-H-Di is significantly extended allowing a more accurate 
determination of the chemical shift of pure G3-H-Di and the resulting Keq-Di-Mono. Using this, Keq-
Di-Mono at room temperature was determined to be 0.16. 
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Procedure for determining the Kpyr between G3-H-Mono and G3-Br-Mono 
NMR tubes containing G3-H (2 mg, 0.00275 mmol), 3-bromopyridine (X equivalents to 
G3-H, X = 0.83, 1.07, 2.18, 5.44, 11.9, 23.2) and CD2Cl2 (0.6 mL) were prepared in a glovebox, 
before 
1
H NMR was measured. The concentration of G3-H-Mono and G3-Br-Mono was 
determined by the relative integration between their alkylidene peaks. The plot of [G3-H-
Mono]/[G3-Br-Mono] vs. [py]/[py-Br] is shown in Figure 5.17, and the slope (Kpyr) was 
determined to be 4.8. 
 
Figure 5.17 Plot of [G3-H-Mono]/[G3-Br-Mono] vs. [Py]/[Py-Br] 
 
 
Procedure for determining relative rates between G3-H and G3-Br for M1-XX 
A solution of complex G3-H or G3-Br (0.00091 mmol from freshly prepared stock 
solutions in CD2Cl2) and pyridine or 3-bromopyridine (0.0455 mmol) in CD2Cl2 (0.3 mL), the 
pyridine used matches the pyridine on the catalyst, was prepared in an NMR tube fitted with a 
rubber septum. The solution was allowed to thermally equilibrate at 25 ºC, before a solution of 
M1-XX (22.5 mg, 0.091 mmol) in CD2Cl2 (0.3 mL) was injected into the NMR tube. The 
reaction kinetics were followed by monitoring the appearance of the polymer (5.75 ppm) and 
disappearance of monomer olefin peak (6.28 ppm) over at least 3 half-lives. Conversion was 
y = 4.7947x 
R² = 0.9992 
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calculated via the relative integration of the polymer and monomer olefin peak, and kobs was 
obtained from the slope of a plot of ln([M]/[M]o) vs. time (Figure 5.18).  
 
Figure 5.18 Plot of ln([M]/[M]o) vs time for catalysts G3-H and G3-Br with 50 eq. of py or Br-py 
 
KIE measurements 
To determine the 
12
C/
13
C and 
1
H/
2
H KIE the natural abundance isotopic enrichment 
technique developed by Singleton and Thomas was used.
62
 Because one isotope is slower than 
the other, the slow isotope builds up in the unreacted starting material, which becomes more 
pronounced as the reaction reaches higher conversion. Based upon how much the slow isotope 
has built up and on the reaction conversion the KIE can be determined using Equation 5.15  F is 
conversion of the reaction, R is the amount of the desired isotope in the leftover starting material, 
Ro is the amount of the desired isotope in the original unreacted starting material. To determine 
the error in the KIE measurement the R/Ro error method defined in the same paper was used. 
Equation 5.15 Calculation of KIE based on conversion and substrate enrichment 
𝐾𝐼𝐸 =
𝑙𝑛(1 − 𝐹)
𝑙𝑛 [(1 − 𝐹) 𝑅 𝑅𝑜
⁄ ]
 
 
y = -0.021x 
R² = 0.996 
y = -0.100 x 
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M3-DD 
12
C/
13
C KIE 
For the 
12
C/
13
C KIE 5 g of M3-DD was dissolved in 200 ml of dry deoxygenated DCM 
and cooled to -20 °C. Then 18 mg of G3-Di dissolved in DCM was added and the reaction left to 
stir for 105 minutes before being quenched with ethyl vinyl ether. 
1
H NMR of the raw reaction 
mixture showed the reaction was 98.5% complete. The unreacted starting material was isolated 
by precipitating the reaction into pentane and then cooled to -78 °C so that the polymer would 
precipitate. This was filtered and then centrifuged to remove the polymer. The solvent was then 
removed in vacuo to yield a colored oily solid. This was purified via preparative TLC with DCM 
as the mobile phase, the purified solid was washed with pentane to remove silicone grease, and 
then dried to yield the purified leftover M3-DD monomer. To measure the 
13
C content and thus 
R value, three different methods were used to measure it, 
13
C NMR, 
1
H NMR and isotope mass 
spectrometry. 
 
13
C NMR 
In order to increase the S/N ratio for 
13
C NMR the DEPT-45 experiment was used to 
measure the 
13
C content as it takes advantage of the Nuclear Overhauser Effect, this is based on a 
literature procedure using DEPT to measure KIE.
67
 A solution of the isolated monomer in CDCl3 
(68 mg/ml) was made and the DEPT-45 
13
C NMR was performed using 256 scans with a 25 
second delay. This measurement was repeated for a total of 6 times. Between each measurement 
the NMR tube was taken out of the holder, put in a new holder and then placed back into the 
NMR and reshimmed, this eliminates differences in the shim that can give a false KIE. To get 
the most reproducible data the NMR was performed on an instrument that uses autoshimming. 
The DEPT-45 
13
C NMR measurement was also performed on the original unreacted M3-DD. To 
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determine the 
13
C content of each sample one of the peaks must be taken as a reference, positions 
are labelled in Figure 5.19. 
 
Figure 5.19 M3-DD position labels 
Since only the C=C of the norbornene is undergoing a reaction the data was analyzed using all of 
the other carbons in the molecule as the reference, except for “position F” and “position G” since 
neither show up in a DEPT-45 experiment. Based on the repeats “position H” has the lowest 
standard deviation of all the reference positions, as seen in Table 5.6. “Position H” was chosen as 
the reference to report the KIE value due to its low standard deviation, but all of the other 
reference positions also have an R/Ro and KIE value greater than 1 in agreement with “position 
H”. 
Table 5.6 M3-DD 
13
C/
12
C KIE values and errors 
Reference B C D E H I J 
%dev in R 3.49% 3.43% 3.01% 2.07% 0.27% 0.51% 0.29% 
R/Ro 1.0348 1.0361 1.0460 1.0396 1.0326 1.0323 1.0317 
KIE 1.0083 1.0086 1.0109 1.0094 1.0077 1.0077 1.0075 
KIE Error ± 0.0113 0.0110 0.0101 0.0071 0.0010 0.0015 0.0013 
 
It was necessary to confirm that an impurity in the enriched monomer was not decreasing the 
relaxation time of the molecule and giving an apparent increase in the R value. To do this the Ro 
value of the unenriched monomer was determined as a function of delay time, as shown in Table 
5.7 Going from the 2 second d1 to the 8 second d1, at positions “B, C, D, E” there is an increase 
in the Ro value, but for positions “H, I, J” there is a decrease in the Ro value. Based on this it can 
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be concluded that an impurity is not decreasing the relaxation time of the molecule and giving an 
apparent KIE since positions “H, I, J” should have an R/Ro < 1 when in fact they have an R/Ro 
>1 
Table 5.7 M3-DD 
13
C/
12
C Ro values with varying NMR delay times 
d1 seconds B C D E H I J 
2 0.900 0.981 1.223 0.616 0.542 0.537 1.052 
2.5 0.912 0.998 1.261 0.628 0.524 0.522 1.043 
3 0.923 1.021 1.299 0.640 0.515 0.517 1.039 
4 0.934 1.039 1.345 0.660 0.501 0.500 1.030 
6 0.941 1.063 1.376 0.673 0.491 0.494 1.029 
8 0.946 1.056 1.355 0.680 0.486 0.485 1.011 
2 to 8 
% increase 
 
+5% 
 
+8% 
 
+11% 
 
+10% 
 
-10% 
 
-10% 
 
-4% 
 
1
H NMR 
1
H NMR was also used to measure the 
13
C content of M3-DD. This is done by integrating 
the main 
1
H peak of the C=C, which corresponds to the 
12
C content. As well as integrating the 
13
C satellite peaks, which corresponds to the 
13
C content. This was done using the same machine 
for the 
13
C DEPT-45 NMR at the same concentration, with 32 scans and a 30 second relaxation 
delay. The NMR was repeated for a total of 6 times, both for the enriched and unenriched 
samples. A 3.5% enrichment of the 
13
C content was measured which corresponds to a 
12
C/
13
C 
KIE of 1.008 (±0.004). 
 
Isotope Mass Spectrometry 
Isotope mass spectrometry was also used to measure the 
13
C content of M3-DD as this 
method is significantly more precise. This works by burning the sample and isolating the CO2 
gas, which is then analyzed by the mass spectrometer to determine the 
13
CO2/
12
CO2 content 
relative to some reference gas that contains a constant amount of 
13
CO2/
12
CO2. The downside of 
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this technique is that it does not distinguish between the target molecule and any impurities; the 
enriched M3-DD sample was of sufficient purity to be analyzed by this technique. Based on 10 
repeat submissions the isolated enriched M3-DD has 0.403% more 
13
C compared to the original 
unreacted monomer. However, that enrichment value is for the whole molecule, while we are 
interested in only the C=C position. Since there should only be a KIE at the C=C position this 
means that there is a 4.63 % enrichment (0.403*23/2 to account for the #carbon difference) in 
13
C at the C=C position which corresponds to a KIE of 1.01097 (±0.00013). 
 
M2-DD 
12
C/
13
C KIE 
The 
12
C/
13
C KIE of M2-DD was carried out in a similar manner to that of M3-DD, 5 g of 
M2-DD was dissolved in 200 ml of dry deoxygenated DCM. Then 49 mg of G3-Di dissolved in 
DCM was added and the reaction left to stir for 55 minutes before being quenched with ethyl 
vinyl ether. 
1
H NMR of the raw reaction mixture showed the reaction was 95.55% complete. The 
unreacted starting material was isolated by precipitating the reaction into acidified methanol. 
This was filtered and then centrifuged to remove the polymer. The solvent was then removed in 
vacuo to yield the monomer dissolved in water. To this was added DCM and the organic layer 
isolated via a separatory funnel. The organic layer was dried over MgSO4, filtered, washed with 
DCM, and solvent removed in vacuo to yield a liquidy brown solid. This was purified via 
preparative TLC with ethyl acetate as the mobile phase, the lack of UV response makes it 
difficult to isolate the pure compound (the compound can be seen somewhat using an I2 
chamber). Because of this the isolated enriched monomer is not of sufficient purity to analyze via 
isotope mass spectrometry, but can be analyzed via 
13
C DEPT-45 NMR as the impurity signals 
do not overlap. A solution of the isolated monomer was made in CDCl3 (23.8 mg / ml) and the 
119 
 
DEPT-45 
13
C NMR was measured using 222 scans with a 30 second delay. This measurement 
was repeated for a total of 8 times. Between each measurement the NMR tube was taken out of 
the holder, put in a new holder and then placed back into the NMR and reshimmed, this 
eliminates differences in the shim that can give a false KIE. To get the most reproducible data 
the NMR was performed on an instrument that uses autoshimming. The DEPT-45 
13
C NMR 
measurement was also performed on the original unreacted M2-DD. To determine the 
13
C 
content of each sample one of the peaks must be taken as a reference, the labels for each position 
are shown in Figure 5.20  
 
Figure 5.20 M2-DD position labels 
Since only the C=C of the norbornene is undergoing a reaction the data was analyzed using all of 
the other carbons in the molecule as the reference (Table 5.8), except for “position E” since it 
will not show up in a DEPT-45 experiment nor was “position F” used since the precipitation in 
acidified methanol may change its 
13
C content. “Position C” was chosen to report the KIE value, 
though “position B and D” also agree that the KIE is >1 
Table 5.8 M2-DD 
13
C/
12
C KIE values and errors 
Reference B C D 
%dev in R %3.26 %3.66 %4.18 
R/Ro 1.0308  1.0390 1.0389 
12
C/
13
C KIE 1.0099 1.0125 1.0124 
KIE Error ± 0.0136 0.0153 0.0182 
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It was confirmed that an impurity was not causing an apparent increase in the R value by 
studying Ro as a function of d1. As can be seen in Table 5.9 if an impurity was decreasing the 
relaxation time then the R value for “position D” should differ drastically compared to “position 
B and C”. In the enrichment experiment the % increase in R agrees quite well between all three 
positions. 
Table 5.9 M2-DD 
13
C/
12
C Ro values with varying NMR delay times 
d1 seconds B C D 
2 0.8318 0.8992 0.9899 
3 0.8424 0.9151 1.0939 
4 0.8604 0.9310 1.1535 
6 0.8687 0.9470 1.2325 
8 0.8741 0.9542 1.2628 
10 0.8851 0.9635 1.2747 
15 0.8801 0.9601 1.2933 
2 to 15 
% increase 
 
+5.8% 
 
+6.8% 
 
+30.7% 
 
M3-DD 
1
H/
2
H KIE 
The 
1
H/
2
H KIE of the 75% deuterated M3-DD was carried out in a similar manner to that 
of the 
12
C/
13
C KIE of M3-DD, 3 g of the 75% deuterated M2-DD was dissolved in 100 ml of dry 
deoxygenated DCM and cooled to -20 °C. Then 11.3 mg of G3-Di dissolved in DCM was added 
and the reaction left to stir for 180 minutes before being quenched with ethyl vinyl ether. 
1
H 
NMR of the raw reaction mixture showed the reaction was 98.34% complete. The unreacted 
starting material was isolated by precipitating the reaction into pentane and then cooled to -78 °C 
so that the polymer would precipitate. This was filtered and then centrifuged to remove the 
polymer. The solvent was then removed in vacuo to yield a colored oily solid. This was purified 
via preparative TLC with DCM as the mobile phase, the purified solid was washed with pentane 
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to remove silicone grease, and then dried to yield the purified leftover deuterated M3-DD 
monomer. 
To measure the relative 
1
H and 
2
H content, 
1
H NMR was used to measure how the 
integration of the C=C changes. A solution of the isolated monomer was made in CDCl3 (31 
mg/ml) and the 
1
H NMR measured using 32 scans with a 32 second delay, this measurement was 
repeated for a total of 8 times. A control study of the d1 relaxation shows that the integration, 
and thus R value, does not change above a 30 second relaxation time. Between each 
measurement the NMR tube was taken out of the holder, put in a new holder and then placed 
back into the NMR and reshimmed, this eliminates differences in the shim that can give a false 
KIE. To get the most reproducible data the NMR was performed on an instrument that uses 
autoshimming. The 
1
H NMR was also performed on the original unreacted M3-DD 75% 
deuterated. 
 
Figure 5.21 Partially deuterated M3-DD position labels 
The original unreacted M3-DD 75% deuterated monomer contains a small impurity that does not 
polymerize. However, due to the concentrating nature of the enrichment KIE technique, this 
impurity is concentrated in the leftover M3-DD monomer. Because this impurity overlaps with 
several of the peaks of M3-DD in the 
1H NMR, only reference “position E” is isolated enough to 
not be affected and serve as a reference. The impurity does not overlap with any of the 
deuterated positions. Using “position E” as reference, the 1H/2H KIE was calculated for positions 
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“A, B, D1 and D2” in Table 5.10. The labels for each position are shown in Figure 5.21 Because 
the detection method is measuring the amount of 
1
H in the sample, the initial KIE determined is 
2
H/
1
H, so it is flipped to give the standard 
1
H/
2
H output. 
***Note, in Table 5.10, the KIE is for each position, using “position E” as the reference*** 
Table 5.10 M3-DD 
1
H/
2
H KIE values and errors 
Position A B D2 D1 
%dev in R 0.12% 0.09% 0.45% 0.16% 
R/Ro 1.1557 1.0055 1.2102 1.1532 
2
H/
1
H KIE 1.0367 1.0013 1.0490 1.0361 
1
H/
2
H KIE 0.9646 0.9987 0.9533 0.9651 
1
H/
2
H KIE 
Error ±
 
 
0.0010 
 
0.0005 
 
0.0019 
 
0.0010 
 
 
IR Experiments 
Inside a glove box G3-Mono (15.2 mg, 23.5 mmol) was dissolved in 0.5 ml of CH2Cl2 
and monomer (M2-DD or M2-XX) (9.9 mg, 47.1 mmol) was dissolved in a separate vial in 0.5 
ml of CH2Cl2. The two solutions were mixed and allowed to react for 5 minutes (if 
pyridine/DMAP was added it is added after this time) before being placed in liquid IR cell, 
brought outside the box, and then the IR spectrum acquired. DMAP was able suppress the 
chelate peak. The corresponding chelate experiment (in absence of pyridine/DMAP) using M3-
DD showed no new peaks consistent with a chelated structure. 
 
 
Procedure for pyridine dependence for M2-DD and M3-DD 
To an NMR tube was added a stock solution of G3-H (1.85E-4 M final concentration for 
M2-DD and 9.36E-5 M final concentration for M3-DD), with varying quantities of a pyridine 
stock solution in CD2Cl2 and varying quantities of CD2Cl2 to achieve a constant volume. The one 
pyridine that originates from the catalyst was taken into account. The NMR tube was capped 
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with a septum cap and a solution of M2-DD or M3-DD in CD2Cl2 (5.15E-2 M final 
concentration) was syringed into the NMR tube, shaken and then placed in the NMR. Conversion 
was monitored by following the disappearance of the monomer olefin proton in the 
1
H spectrum, 
and kobs was obtained from the linear regression slope of ln([M]) vs. time. A plot of ln(kobs) vs 
ln([pyridine]) was used to determine the reaction order in pyridine. 
 
Procedure for ruthenium dependence for M2-DD and M3-DD (without added pyridine) 
To an NMR tube was added varying quantities of a stock solution of G3-H with varying 
quantities of CD2Cl2 to achieve a constant volume. The NMR tube was capped with a septum 
cap and a solution of M2-DD in CD2Cl2 (5.2E-2 M final concentration) was syringed into the 
NMR tube, shaken and then placed in the NMR. Conversion was monitored by following the 
disappearance of the monomer olefin proton in the 
1
H spectrum, and kobs was obtained from the 
linear regression slope of ln([M]) vs. time. A plot of ln(kobs) vs ln([Ru]) was used to determine 
the reaction order in catalyst. For M3-DD the order in Ru (without added pyridine) was 
measured in a different manner. To a 20ml vial with a stirbar was added a stock solution of M3-
DD in CH2Cl2 (5ml of 6.8E-3 M solution) at which point a solution of G3-H was added (various 
quantities to get different Ru loadings). At various times 100 μl aliquots were removed from the 
reaction mixture and injected into a CD2Cl2 solution of ethyl vinyl ether (large excess compared 
to [Ru]) to quench the reaction. These quenched aliquot solutions were dried, dissolved in CDCl3 
and then analyzed by 
1
H NMR spectroscopy to determine conversion by monitoring how much 
of the monomer had been consumed. kobs was obtained from the linear regression slope of 
ln([M]) vs. time. 
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Procedure for ruthenium dependence for M2-DD and M3-DD (with added pyridine) 
To an NMR tube was added varying quantities of a stock solution of G3-H with a 
constant amount of a pyridine stock solution (1.88E-2 M final concentration, at least 10 
equivalents of pyridine at highest Ru loading) in CD2Cl2, varying amounts of CD2Cl2 was added 
to keep a constant volume. The NMR tube was capped with a septum cap and a solution of M2-
DD or M3-DD in CD2Cl2 (5.2E-2 M final concentration for M2-DD and 2.5E-2 M final 
concentration for M3-DD) was syringed into the NMR tube, shaken and then placed in the 
NMR. Conversion was monitored by following the disappearance of the monomer olefin proton 
in the 
1
H spectrum, and kobs was obtained from the linear regression slope of ln([M]) vs. time. A 
plot of ln(kobs) vs ln([Ru]) was used to determine the reaction order in catalyst. 
 
Relative rates of Initiation 
To an NMR tube was added a solution of G3-H (1.8E-3 M final concentration) with 
pyridine (396 equivalents) in CD2Cl2. The NMR tube was capped with a septum cap and a 
solution of M2-DD or M2-XX in CD2Cl2 (78 equivalents) was syringed into the NMR tube, 
shaken and then placed in the NMR. Conversion was monitored by following the disappearance 
of the uninitiated G3-H-Mono alkylidene proton in the 
1
H spectrum, and kobs was obtained from 
the linear regression slope of ln([M]) vs. time. Relative ki was obtained by dividing kobs by the 
experimentally determined monomer concentration. M3-DD and M3-XX were performed under 
similar conditions. 
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Relative rates of Polymerization 
To an NMR tube was added a solution of G3-H (5.5E-4 M final concentration) with 
pyridine (10 equivalents) in CD2Cl2. The NMR tube was capped with a septum cap and a 
solution of M2-DD or M2-XX in CD2Cl2 (100 equivalents) was syringed into the NMR tube, 
shaken and then placed in the NMR. Conversion was monitored by following the disappearance 
of the monomer olefin proton in the 
1
H spectrum, and kobs was obtained from the linear 
regression slope of ln([M]) vs. time. M3-DD and M3-XX were performed under similar 
conditions. 
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